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Part I: Two-liquid Partition Coefficients: Experimental Data
and Geochemical Implications
Partition coefficients for Cs, Ba, Sr, Ca, Mg, La, Sm,
Lu, Mn, Ti, Cr, Ta, Zr, and P between immiscible basic and
acidic liquids in the system K 20-Al 20 -FeO-SiO were experi-
mentally determined at 1180 0 C and 1 a. Phosphorus is most
strongly enriched in the basic melt (by a factor of 10), fol-
lowed by rare earth elements, Ta, Ca, Cr, Ti, Mn, Zr, Mg, Sr,
and Ba (enriched by a factor of 1.5). Of the elements studied,
only Cs is enriched in the acidic melt. The two-liquid par-
tition coefficients of Zr, Ta, Sm, and Mn are constant for
concentrations ranging from less than 0.1% to as high as 1 wt%,
suggesting that Henry's law is applicable in silicate melts
(at least for these elements) to concentrations well above
typical trace element levels in rocks. The strong relative pre-
ference of many elements for the basic melt implies that the
structural characteristics of basic melts more readily permit
stable coordination of cations by oxygen. Partitioning of ele-
ments between crystal and liquid in a magma must therefore be
influenced by the composition (and consequent structure) of
the liquid. Crystal-liquid partition coefficients of elements
showing strong fractionation between immiscible melts (e.g. P,
Ta, REE) will vary extensively with liquid composition.
Application of the two-liquid partition coefficients to
possible occurrences of liquid immiscibility in magmas reveals
that typical basalt-rhyolite associations are probably not
, *Jww
generated by two-liquid phase separation. However, liquid im-
miscibility cannot be discounted as a possible origin for lam-
prophyric rocks containing felsic segregations.
Part II: Partitioning of Mn between Forsterite and Liquid: the
Effect of Liquid Composition
One atmosphere partition coefficients for Mn between
pure forsterite and liquid in the system MgO-CaO-Na2O-Al2O3-
Si0 2 (+ about 0.2% Mn) were measured by electron microprobe
for a variety of melt compositions over the temperature range
1250-14500 C. The forsterite-liquid partition coefficient of
Mn (mole ratio, DMn) depends on liquid composition as well as
temperature: at 13500 C, DMn ranges from 0.60 (basic melt, SiO 2 =
47 wt%) to 1.24 (acidic melt, SiO 2=65 wt%). At lower tempera-
tures, the partition coefficient is more strongly melt compos-
ition dependent.
The effects of melt composition and temperature on DMn
can be separately evaluated by use of the Si/O atomic ratio of
the melts. A plot of DMn measured at various temperatures vs.
melt Si/O for numerous liquid compositions reveals discrete,
constant-temperature curves that are not well defined by plot-
ting DMn against other melt composition parameters such as MgO
content or melt basicity. For constant Si/O in the melt, lnDMn
vs. reciprocal absolute temperature is linear; however, the
slope of the plot becomes steeper for higher values of Si/O,
which indicates a higher energy state for Mn2+ ions in acidic
than in basic melts.
Comparison of the Mn partitioning data for the iron-free
system used in this study with data of other workers on iron-
bearing compositions suggests that the effect of iron on Mn
partitioning between olivine and melt is small over the range
of reasonable basalt liquidus temperatures.
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GENERAL INTRODUCTION
In past years, the study of igneous rocks has been
restricted primarily to examination of the solid phases that
crystallize from natural molten silicate. Relatively little
emphasis has been placed on the liquid phase itself, in spite
of its important role in both the physical and chemical proces-
ses of igneous rock genesis. Recent studies of the physical
properties of silicate melts (Kushiro et.al., 1976; Bottinga
and Weill, 1972; Murase and McBirney, 1973) place constraints
on physical models of magmatic processes, and also indirectly
provide information on melt structure. However, to the geo-
chemist studying igneous rocks, whose major concern is the dis-
tribution of elements between coexisting crystals and liquid in
a magma, the melt phase remains an obscure entity, lacking
regular structure and easily-characterized atomic site types.
There are two main reasons for this lack of knowledge on
the nature of complex silicate melts. First, the importance of
characterizing the melt phase has long been camouflaged by the
apparent success of the geochemical "rules" and principles pro-
posed by Goldschmidt (1937), Ahrens (1953), and Ringwood (1955)
to predict the incorporation of elements from a melt into
minerals. Because the "rules" are based solely on knowledge of
ionic parameters and crystal structure, they appear to be inde-
pendent of bonding or site type in the liquid. Although their
validity has been challenged by Shaw (1953), and more recently
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by Burns and Fyfe (1967) and Whittaker (1967), the geochemical
"rules" remain well embedded in the minds of geochemists.
The second, more fundamental, reason for ignorance on the
subject of silicate melts is that direct structure analysis is
difficult: even the super-cooled equivalent (glass) does not
yield to many of the structural analysis methods applicable to
crystalline compounds. Most of the existing knowledge of
silicate melt structure is either entirely theoretical or based
on qualitative inference from experimental data.
The primary intent of the work described in this thesis
was to evaluate the influence of silicate melt composition (and
structure) on the behavior of trace elements in magmas. Two
experimental approaches to the problem were taken: 1) equili-
bration of immiscible acidic and basic melts with respect to
numerous trace cations of variable properties; and 2) partition-
ing of manganese between pure forsterite and a wide range of
liquid compositions. The first approach gave direct insight
into the relative compatibility of fourteen elements in acidic
versus basic melts, while the second set of experiments resulted
in detailed knowledge of the compatibility of one element (Mn)
in a variety of complex liquids. Although the conclusions of
the two studies are entirely consistent and complementary, this
thesis is divided into two major parts for the sake of clarity
in presentation. At the end of each part, as well as in the
synthesis and summary, the implications of the experimental data
to silicate melt structure and trace element geochemistry are
14
discussed.
In this thesis, I do not presume to answer all questions
regarding the role of silicate melts in igneous geochemistry;
I only hope that this work has established a sound experimental
basis for educated speculation and further study on the subject.
PREVIOUS WORK ON SILICATE MELTS AND GLASSES
This section is not intended as a comprehensive, state-of-
the-art summary of information - the goal is more to introduce
the reader to silicate liquids and to previous theoretical and
experimental approaches to the problem of their structure. I
have brought in numerous references from outside of the geo-
logical literature, and, as far as possible, I have attempted
to put these in a geochemical perspective. Many of the
articles that are briefly summarized here will be referred to
in later sections of this thesis.
In general, the glassy and liquid states are not distin-
guished unless I feel that the distinction is important [for a
discussion of structural similarity between a glass and its
melt, I refer the reader to Riebling (1968).]
1. Theoretical Models
Several workers have attempted to adapt structural or
thermodynamic models of relatively simple non-silicate liquids
to complex silicate melts. Most of these models fall into one
or a combination of the following three groups: ionic;
statistical; or polymeric. Some success has been achieved
with these models in deciphering the structure of binary and
ternary silicate melts, but quantitative extrapolation to
geologically realistic compositions is not possible.
The Temkin "ideal ionic" solution and its application to
silicate melts.
Temkin (1945) proposed that mixtures of fused salts
could be treated as two independent ideal solutions, one com-
posed of anions and the other of cations. In such a solution,
there is no heat of mixing, and the entropy change on mixing is
given by the sum of the entropy changes associated with the
permutations among cations and similar permutations among
anions:
AS AS + AS -R(En +lnX + En lnX )MIX MIX MIX-R(nlX+nnX(1
where n+ and n refer to the number of moles of a given cation
or anion, respectively, and the X's represent "ionic fractions"
or mole fractions of ions relative to the total number of ions
of the same charge. The basic assumptions of this model are
that all cations are surrounded by anions and all anions by
cations, and that no vibrational entropy or heat effects result
from the interchange of ions of like charge. Because AHm is
assumed to be zero, an expression for the free energy of a
salt component in a mixture eventually takes the form:
G = + RTln(X ) (X) (2)
salt salt
where X+ and X~ are the ionic fractions of the cation and
anion composing the salt, and the reference state is the pure
molten salt. Thus, the activity of a salt component in a mix-
ture of fused salts may be expressed as:
a salt (X+)(X~) (3)
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By analogy to electrolyte thermodynamics (Lewis and Randall,
1961), where the activity of a salt in dilute solution is de-
fined as the product of the activities of its ionic constitu-
ents (i.e. asalt = a+.a~), Temkin further defined the activity
of an ion in a fused salt solution as equal to its ionic frac-
tion, i.e.:
a+ X+
and (4)
For example, in a CaO-FeO-CaS-FeS melt, the activity of Fe 
2 +
moles Fe2+
is given by the ratio moles Fe 2+ + moles Ca2+ Similarly,
2- moles 
O2
the activity of 0 is moles O2- + moles S2- . The activity
of an electrically neutral molecule, say FeO, is then
aFeO = aFe2+.aO2- (5)
referred to pure molten FeO.
Because it allows formulation of thermodynamic param-
eters of components, the Temkin model has proved useful in deal-
ing with fused salt solutions and basic slags. In particular,
activities of components are required for quantitative descrip-
tion of solid-liquid or metal-slag equilibria by means of
equilibrium constants.
Like mixtures of fused salts, silicate melts are strong-
ly ionic in nature, as evidenced by electrical conductivities
resembling those of strong electrolyte solutions (Bockris et.
al., 1948). Potentially, then, the Temkin model might be a
good starting point for dealing with silicate melts and their
equilibria with crystalline phases. Unfortunately, however,
the problem is complicated by difficulty in identifying the
ionic species that actually exist in molten silicates. As I
will discuss in more detail later in this section, the presence
of a glassforming cation (Si 4+) in a melt results in complex
anionic silicate species, the most fundamental of which is the
4-
silicate tetrahedron, SiO 4 ~. In very basic melts, the isolated
tetrahedron is probably the dominant silicate species, coexist-
ing perhaps with some free oxygen anions and metal cations.
More acidic melts are composed of combinations of tetrahedra,
linked at the corners to form chains, rings, and even more
complex 2- and 3-dimensional units. In short, direct applica-
tion of the Temkin model to molten silicate is tenuous, because
complete dissociation into simple ions cannot be assumed.
Toop and Samis (1962a,b) combined a polymer model of sili-
cate melts with the Temkin concept of ionic solutions to esti-
mate activity-composition relations in some simple silicate
systems. They described the extent of melt polymerization in
terms of an equilibrium constant for the following polymeriza-
tion reaction:
20~ +00 O2- (6)
2- -0
where 0 , 0 , and 0 represent free oxygen ions, oxygens
bonded to a single silicon (nonbridging oxygens), and oxygens
bonded to two silicons (bridging oxygens), respectively. This
reaction is the generalized version of dimer formation from two
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isolated silicate tetrahedra:
SiOgo~ 4- S + Si2076- + 2- (7)
where two nonbridging oxygens are converted to a bridging oxy-
gen and a free 02- ion. The equilibrium constant for reaction
(6) is
[0 ][0 2-
K = 2
where the bracketed symbols represent numbers of moles of the
various types of oxygens. Toop and Samis proposed that K is
constant at a given temperature and characteristic of a given
binary or ternary silicate system. Material and charge balance
considerations allow construction of a diagram such as Fig. 1,
where the value of K is arbitrarily chosen as 0.06. The most
important information in Fig. 1 is that acidic (high SiO 2)
melts contain a large proportion of bridging oxygens, with
virtually no free oxygen ions. Melts more basic than N 2
0.5, however, are dominated by nonbridging oxygens, with
appreciable concentrations of free 02- ions. Fig. 1 does not
specifically characterize the silicate anions present in the
melt, but it does indicate the general extent of polymer forma-
tion.
By invoking Temkin's (1945) concept of "ionic fractions",
Toop and Samis were able to estimate values of the equilibrium
constant of equation (6) for several binary silicate systems.
First, they observed that, for ionic solutions
aMO = aM2+ - a0 2- (8)
20
2.0
(00)
1.0 (02~ (0~
0.2 04 0.6 0.8
N S02
Figure 1. Equilibrium values of (0O) , (0), and (02-
vs. mole fraction of SiO2 in a binary silicate melt for
K = 0.06 (from Toop and Samis, 1962a; see text)
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where M is a divalent metal cation. In a binary silicate melt
MO-SiO 2, M + is the only cationic species (Si exists only in
anionic complexes, not as free Si 4+). Therefore, according to
the Temkin model, the ionic fraction of M is unity, so aM2+
1. From equation (8), this implies that aMO = a0 2-- Indeed,
Toop and Samis then observed that experimentally determined
activity-composition curves for metal oxides in binary silicate
systems closely resemble plots of Temkin's ionic fraction of
02- ions versus composition if an appropriate value of K is
selected for calculating the ionic fraction of 02- (see Fig. 2).
By matching experimentally determined aMO curves with calculated
a0 2- curves, it was therefore possible to obtain values of K for
several binary systems. For the systems FeO-SiO 2 and CaO-SiO 2 '
K = 0.17 and 0.0017, respectively. Thus, the value of 0.06
assumed for plotting Fig. 1 is realistic, and the figure may be
taken seriously.
Drawing upon the contribution of Toop and Samis (1962a) and
the statistical methods of established polymer theory, Hess
(1970) further developed and systematized structural models of
binary silicate systems. One of the most important conclusions
of this work is that, for a given mole percentage of SiO 2, bin-
ary silicate melts containing cations of high ionic potential
(charge/radius) are more polymerized than melts containing
cations of low ionic potential. This is equivalent to stating
that cations of high ionic potential result in large values of
Ift"1060" I i I , .1i 1.1MINVOW-MIN
1.0 -1.0
K -0) -(O~)2
A K=0.25 CuaO
0.5. .- 0.12 0.50-
O ..- FeO
o.06
0.02
K= 0 >0.01 ZnO
0o0 CaO PbO
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
(A) NsiO (B)
Figure 2 a). Temkin's ionic fraction of oxygen ions vs. the mole fraction of SiO 2
in a binary silicate melt for various values of K (see text)
b) Activities of various metal oxides in binary silicate melts with re-
spect to the pure liquid oxides. Cu20 and PbO curves are for 1100 C; CaO and FeO
curves are for 1600 0C; and ZnO curve is for 1300 0C. Note similarity in shape of
these curves to those of Fig. 2a
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K for reaction (6). This conclusion might be qualitatively ex-
trapolated to geological melt compositions.
In addition to the theoretical melt-structure models des-
cribed above, the Temkin ionic solution concept has been used
by geochemists in the formulation of crystal-liquid partition
coefficients. Banno and Matsui (1973), for example, used a
simple Temkin model to show that conventionally-expressed par-
tition coefficients must depend on silicate melt composition.
In calculating equilibrium constants for plagioclase-melt equil-
ibria, Drake (1972) used a Temkin-like approach to define the
mole fraction of an oxide in the melt phase. He assumed that a
melt comprises tetrahedral and octahedral sites (rather than
anions and cations, as in a strict Temkin model), between which
most cations are not interchangeable. Therefore, the mole frac-
tion or activity of a cation is given by the number of moles of
that cation divided by the total number of moles of cations
likely to occupy the same type of site.
The Bernal "Random Close-Packing" Model.
Bernal (1964) proposed a purely geometrical solution to
the problem of liquid structure. Using the well-known fact
that liquids have no long-range regularity, and assuming that
the atoms of a liquid can be approximated by hard, neutral
spheres, Bernal showed that the interstitial cavities in a ran-
domly close-packed structure occupy 35 per cent of the total
volume, and are of five types: tetrahedra, half-octahedra,
tetragonal dodecahedra, trigonal prisms, and square antiprisms.
Whittaker (1967) suggested that the Bernal model could be
applied to silicate melts, in which case the large (%1.40A
radius) oxygen atoms could be regarded as randomly close-packed,
with all cations occupying the interstices. In a Bernal-type
silicate melt, the number of interstitial tetrahedral sites (73
per 24 oxygens) exceeds the number of octahedral and larger
sites by the ratio 4.4:1. As noted by Burns and Fyfe (1964)
and Whittaker (1967), the implication for natural melt composi-
tions (especially basic ones) is that cations whose radii would
generally favor octahedral coordination by oxygen may be forced
into tetrahedral sites.
Whittaker (1967) emphasized that application of the Bernal
model to liquid silicates is rather tentative at the present
time. Such a geometrical model does not take account of ener-
getic considerations that arise, for example, when two cations
are inserted into face-sharing interstitial polyhedra. Also,
indiscriminant application of the Bernal model to all silicate
melts implies identical cationic site distribution for the com-
plete spectrum of geological melt compositions. This conclu-
sion is not supported by the experimental results reported in
later sections of this thesis.
Phase Diagram Analysis.
Theoretical models based on binary phase diagram analysis
have provided considerable insight into the structure of simple
silicate melts. For feldspar-silica joins, Flood and Knapp
(1968) assumed that melts can be approximated as ideal solutions
if the structural units that contribute to the entropy of mix-
ing can be identified. Essentially by trial and error, these
authors selected different types of complex anions, calculated
the "ideal" liquidus curves given by the different mixing entro-
pies, and compared these curves to experimentally determined
phase diagrams. When a near match between calculated and actual
liquidus curves was obtained, the hypothetical structural units
were considered correct. In this manner, Flood and Knapp reach-
ed the following conclusions about binary feldspar-silica melts-
1. Silica-rich mixtures of alkali-feldspar and silica com-
prise a random distribution of Sio4 and A104 tetrahedra,
with an alkali cation associated with each AlO unit.
2. Silica-rich celsian- and anorthite-silica binary melts
probably contain Al 408 aluminate groups randomly mixed
with SiO4 tetrahedra.
3. Feldspar-rich albite-silica melts can be approximated
by a random mixture of NaAlO4 and SiO4 units, although the
existence of small amounts of more complex species is
suggested.
4. Feldspar-rich anorthite-silica melts comprise a random
distribution of [4AlO2- 3SiO2 ] and SiO 2 groups (each of
the former has two associated Ca2+ cations).
The most important overall conclusions of the Flood and
Knapp structural models is that binary feldspar-silica melts
are not simply mixtures of endmember "molecules" such as
NaAlSi308 or CaAl2S 208 and SiO 2 '
The same conclusion was reached by Haller et.al. (1974)
in a phase diagram analysis of the Li20-, Na20-, and BaO-SiO 2
binary systems. In this study, metastable two-liquid solvus
curves rather than liquidus curves were calculated. The authors
observed that experimentally-determined solvus curves in these
systems are assymetric when plotted in terms of the chemical
endmembers SiO2 and M20 or MO. However, by re-defining the
endmember components, they were able to symmetrize the misci-
bility gaps, thereby allowing application of a simple solution
model to describe the immiscibility. Excellent agreement with
experimental data was achieved if the mixing endmembers were
considered to be: [Li 2 O-2SiO 2] and [(SiO2 6], [Na2 O-3SiO2 and
[(SiO2 8], and [BaO-2SiO 2] and [(SiO 2) 8], respectively, for the
systems Li2O-SiO 2 , Na20-SiO 2 , and BaO-SiO 2. This coincidence
of experimental and theoretical results is good evidence that,
on the average, the re-defined endmember molecules represent the
actual structural units of the glasses. Like the work of Flood
and Knapp (1968), this paper convincingly demonstrates that
simple silicate melts are composed of complex molecules, and
are not simply random mixtures of the chemical oxide endmembers.
2. X-ray and Spectroscopic Studies
X-ray diffraction and M6ssbauer and absorption spectro-
scopic methods have yielded direct, quantitative information on
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the structure of silicate glasses. In general, the x-ray dif-
fraction method gives insight into the average structural char-
acteristics of the glass on the whole, while spectroscopic
methods are useful for estimating oxygen coordination polyhedra
of specific cations. Potentially, therefore, the combined
results of the two methods could create a fairly complete pic-
ture of glass structure. Unfortunately, however, only simple
glasses are susceptible to x-ray diffraction analysis, and
absorption spectroscopic methods are not always applicable or
definitive. An additional consideration is that measurements
made on glasses at low temperature may not represent the struc-
ture actually present in high-temperature melts. The validity
of extrapolating from the glassy to liquid state depends upon
the quenchability of the structures examined, as will be dis-
cussed later in this section.
X-ray diffraction and the structure of simple melts.
Fused silica is structurally the simplest of all glass-
forming melts, and its basic nature has been understood for
some time. With remarkably little experimental evidence,
Zachariasen (1932) deduced that the structure of vitreous silica
is a random 3-dimensional network composed of corner-sharing
silicate tetrahedra. In comparing vitreous compounds in general
to their crystalline counterparts, Zachariasen stated that "the
network in glass is characterized by an infinitely large unit
cell containing an infinite number of atoms", and that the
"absence of periodicity and symmetry in the network distinguish-
es a crystal from a glass." The Zachariasen model of vitreous
silica was most convincingly confirmed by the x-ray diffraction
study of Mozzi and Warren (1969). These authors concluded that:
1. Each silicon is tetrahedrally coordinated by oxygen
atoms, with a mean Si-O distance of 1.62A (the same Si-O
bond length as found in crystalline silicates).
2. Each oxygen atom is bonded to two silicons (i.e. all
oxygens are bridging).
3. The distribution of Si-O-Si bond angles ranges from
1200 to 1800, with a maximum value of 1440 (almost all
angles fall within +10% of the maximum).
The observed distribution of bond angles about a mean value
is sufficient to distinguish the glass from a crystalline struc-
ture. The strong maximum in the bond angle distribution indi-
cates that the glass structure is fairly uniform on the scale of
several tetrahedra, but loses regularity when considered on a
larger scale (see Fig. 3). This model is compatible with the
low entropy of fusion of cristobalite (Hicks, 1969).
Warren and Biscoe (1938) examined five different sodium
silicate glasses by x-ray diffraction; again, their results
suggested a random network structure of silicate tetrahedra,
in which some oxygen ions were bridging and some were nonbridg-
ing (note that in fused silica all oxygens are bridging). Their
data also indicated that discrete "endmember" molecules such as
Sio2, Na20, Na20 -2SiO2, and Na2 O-SiO 2 were not present in the
Figure 3. Schematic diagram of a two-dim-
ensional structure of fused silica (after
Doremus, 1973, p.27). The relative size of
silicon atoms is increased somewhat, and
(for portrayal in two dimensions) only
three oxygens are attached to each silicon.
The O-Si-O bond angle is varied instead of
the Si-O-Si angle. Note close similarity
of adjacent "rings", but loss of regularity
on the scale of several SiO units
glasses.
More recent x-ray diffraction studies of binary and
ternary silicate glasses have shown that the distribution of
cations is not uniform. Ohlberg and Parsons (1964), for exam-
ple, demonstrated that the average Na-Na distance in a soda-
lime-silica glass is considerably less than that resulting from
a uniform distribution of Na+ ions. Clustering of sodium ions
in the glass must therefore be inferred. Milberg and Peters
(1969) observed the same phenomenon in a series of thallium
silicate glasses, and reached the important conclusion that "it-
is not necessary to postulate a direct attraction between the
thallous ions to account for the clustering since, with a suit-
able network arrangement involving clustering of nonbridging
oxygens, the cations will form clusters as a result of the
attraction between themselves and the nonbridging oxygens." In
a comparative x-ray diffraction study of Na O-SiO and Na 0-2 ' 2 2
Al2 0 3-SiO2 glasses, Urnes (1969) concluded that clustering of
sodium ions occurs in both glasses, but the average Na-Na dis-
tance is greater than that proposed by Ohlberg and Parsons
(1964).
In general, the information obtained by x-ray analysis of
glasses seems consistent with the structural models described
earlier in this section. In particular, x-ray and phase diagram
analysis methods both rule out the existence of chemical end-
member molecules in simple glasses. The work of Haller et.al.
(1974) indirectly supports the x-ray evidence for clustering
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of cations: lithium disilicate is considered by Haller et.al.
to be one of the actual mixing molecules in Li2 O-SiO2 melts,
and as pointed out by Doremus (1973), definite clustering of
lithium ions occurs in crystalline lithium disilicate.
M6ssbauer spectroscopy and the coordination of Fe ions in glass.
As noted previously, spectroscopic methods are useful for
determining the immediate environment or oxygen coordination poly-
hedron of a cation in glass. The general approach of these
methods is to compare spectra measured on glasses with those
obtained on materials in which the environment of the ion of
interest is known.
The susceptibility of iron to the M6ssbauer effect and its
importance in both geology and glass science have resulted in
several studies of the coordination of Fe + and Fe + in glasses.
Kurkjian and Sigety (1968) combined Mbssbauer with optical
absorption measurements to conclude that ferric iron is tetrahe-
drally coordinated in ternary silicate glasses, and that the
coordination number does not depend upon iron concentration.
Also using M6ssbauer spectroscopy, Boon (1971) found that fer-
rous iron occupies primarily two types of sites in Na20-FeO-
SiO2 glasses; with the aid of optical absorption data (Boon and
Fyfe, 1972), he later assigned a coordination number of 6 to
these sites. Boon and Fyfe (1972) extended their M6ssbauer
investigations to FeO-K20-SiO 2, FeO-CaO-SiO 2, FeO-Al2 0 3-SiO2'
and FeO-K 20-Al20 3-SiO 2 glasses, all of which were found to con-
tain Fe in basically two octahedral site types.
In a good review of theory and application, Kurkjian (1970)
summarized data obtained by Mbssbauer spectroscopy on glasses,
including results for the less common elements Sn and Tm.
Optical absorption studies of simple glasses.
The widespread use of glass for decorative and optical
purposes has stimulated many studies of absorption and trans-
mission phenomena in simple glass systems. These studies are
too numerous to summarize here, so I will single out those
which contribute geochemically relevant information not obtain-
able by other methods. For a summary of absorption spectroscopy
in glasses, see Wong and Angell (1970).
Williams (1959) and Burns and Fyfe (1964) presented evi-
dence that crystal field stabilization is an influential factor
in the uptake of transition metal ions by crystals in a magma.
In order to develop this theory rigorously, it is necessary to
have some knowledge of site types or coordination numbers of
ions in magmatic liquids. Because of the experimental diffi-
culties in taking optical absorption measurements on molten
materials, all existing data were obtained on glasses at low
temperature. Table 1 summarizes visible optical absorption
data on coordination numbers for some of the first series trans-
ition elements in silicate glasses. It should be noted that
the most commonly occurring coordination is octahedral, although
some of the data are ambiguous.
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Table 1. Coordination numbers (with oxygen) of transition
metal ions in soda-lime silicate glasses, determined by visible
optical absorption.
no. of coordination no.
ion d electrons with oxygen reference
Cr3+
V
Mn 3+
Mn 2+
Fe 3+
Fe
Ni 2+
Cu 2 +
6
6?
6
6
4,6?
4?
4,6?
6, 8b
4,6c
6
________ J ____________________ I _____________________
Bates (1962)
Kumar (1959)
Kumar (1959)
Weyl (1959)
Weyl (1959), Bingham
and Park (1965), Kumar
and Nath (1966)
Kurkjian and Sigety
(1968)
Bishay (1959)
Turner and Turner (1972)
Bu'rns and Fyfe (1964)
Kumar (1959)
" potassium silicate glass
b alkali and alkaline earth silicate and aluminosilicate glasses
C sodium aluminosilicate, diopside, diopside-albite, "granite",
and "tholeiite" glasses
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Absorption measurements in the infrared and ultraviolet
regions have been used to examine the effects of adding other
oxide components to pure silica glasses. Crozier and Douglas
(1965) and Hanna and Su (1964) measured the infrared absorption
spectra of sodium silicate glasses, and were able to attribute
the appearance of absorption peaks to the formation of non-
bridging oxygens as the Na2 0 content of the glasses was increas-
ed. Simon (1960) remarked on the similarity in infrared reflec-
tion spectra of alkali silicate and alkaline earth silicate
glasses, and concluded that nonbridging oxygens contribute to
the spectra in both cases. Sigel (1971) systematically examined
absorption in the ultraviolet region by alkali silicate and
alkali aluminosilicate glasses. He found that increased absorp-
tion in some ultraviolet wavelengths was directly proportional
to the alkali concentration of the glass. However, if alumina
was added in a 1:1 molar ratio with the alkali oxide, absorption
dropped to levels resembling pure SiO 2. Again, these results
suggest that the increase in absorption with alkali content in
a binary silicate glass is due to formation of nonbridging
oxygen ions; furthermore, it appears that the addition of
alumina decreases the number of nonbridging oxygens by means of
alkali-aluminate "molecule" formation (see Fig. 4). A similar
interpretation can be placed on some of the experimental data
described under the next heading of this section.
0 0
O-Si-O-Si-O +I I
O O0
0
Na2O--O-Si-6
non-bridging oxygens
9
O-Si-O
6
9
-Si-O + Na2O+Al203 -6
(2) 0
0-Si-OI
O
Na.9 Na
-AI-O-Si-O-AI-O
I I I
O0 O0 0
Figure 4. Schematic representation in two dimensions of 1) the creation of non-
bridging oxygens by the introduction of Na into the SiO 2 network and 2) the ability
of aluminum to restore the bridging in spite of the presence of alkali (from Sigel,
1971)
(1) 0
-o
3. Experimental Studies of Glass and Melt Structure
Systematic experimental studies have yielded both direct
and inferential knowledge on the nature of silicate melts, and
have been particularly helpful in supplementing theoretical
structural models. The topics that I will describe briefly
below were selected to give the reader an overall view of the
various experimental approaches to the problem of melt structure.
Ageous dissolution.
The most direct glass structure determination was carried
out by Lentz (1964). By dissolving sodium silicate glasses in
acidic aqueous solutions, he was able to use gas chromatography
to identify some of the discrete anions composing the glasses.
The isolated silicate tetrahedron (SiO4 4) was the most common
anion, followed in abundance by simple polymeric chains such as
6- 8-Si2 0 7 and Si3 0 10 Unfortunately, this type of study cannot
readily be extended to other compositions because of the gener-
ally low solubility of silicate glasses in weak acidic solutions.
Use of strong acid to decompose the glass would probably also
break down the structural silicate units.
Ion exchange techniques.
Low-temperature ion exchange techniques have been used ex-
tensively to obtain indirect information on site types in
glasses. The general experimental approach of these studies
has been to equilibrate powdered glass with a bath of molten
salt containing an exchanging cation. The experimental temper-
atures are low enough that the glass remains solid, and its
silicate structure remains intact-in other words, equilibrium
is reached between glass and salt only with respect to a pair
of exchanging cations. The data obtained by this ion exchange
method are summarized in Doremus (1973, chap. 14). Unfortunate-
ly, none of the glass compositions studied are geochemically
relevant, and most of the data are for monovalent cations only.
However, one important general conclusion can probably be ex-
trapolated to complex geochemical systems: aluminum-bearing
glasses tend to show a preference for large cations, while
aluminum-free glasses prefer small cations (Eisenman, 1962).
From a geochemical standpoint, this result might indicate that
aluminous melts contain more sites favorable for occupation by
large cations.
Systematic studies of physical properties.
Systematic physical-property measurements on glasses in
the system Na2-Al2O3- Sio 2 have provided unique insight into
the structure of alkali aluminosilicate melts. The experiments
of Day and Rindone (1962a,b) and Riebling (1966) demonstrated
that, regardless of silica concentration, the Na/Al molar ratio
plays an important role in the structure of these simple melts.
The authors concluded that if Na/Al > 1, all aluminum is in
tetrahedral coordination with oxygen, and that these aluminate
tetrahedra co-polymerize with the silicate network structure.
An abundance of aluminum over sodium, on the other hand, results
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in 6-coordinated aluminum, which does not participate in the
network structure. Apparently, the presence of sodium cations
in an aluminosilicate melt stabilizes aluminum in tetrahedral
coordination. A 1:1 ratio of sodium:aluminum thus represents
a maximum state of melt polymerization. This structural state
.is evidenced by abrupt changes in refractive index and density
of the glasses, as well as peaks in viscosity and activation
energy for viscous flow of the melts (Fig. 5).
The soda-alumina-silica system is the only system in which
detailed, systematic physical property measurements have been
made on melts and glasses. However, Schairer and Bowen (1955)
measured refractive indices of glasses in the potash-alumina-
silica system, and found striking maxima for glasses having a
1:1 molar ratio of K:Al. Thus, it appears that, at least for
ternary silicate systems, the 1:1 alkali:aluminum ratio is
generally important. Whether or not this conclusion can be
extended to more complex systems containing divalent cations is
not known.
Qualitative information on the nature of simple silicate
melts can be deduced from the extensive physical property meas-
urements of Bockris et.al. (1948, 1954, 1955, 1956). These
authors determined ionic conductivity, viscosity, density, and
expansivity of binary silicate melts of CaO, MgO, SrO, BaO,
Na20, K20, and Li20. Their data are consistent with previously
described models, in which the melt is composed of discrete
anionic silicate complexes. Addition of a metal oxide to pure
Figure 5. Changes in physical properties of sodium alumino-
silicate melts with the Na/Al atomic ratio: a) refractive
index (Day and Rindone, 1962a); b) density (Day and Rindone,
1962a); c) viscosity at 1700 0C (Riebling, 1966) and d) activ-
ation energy for viscous flow (Riebling, 1966). Note abrupt
changes in refractive index and density curves, and peaks in
viscosity and activation energy curves at the 1:1 ratio of
Na:Al
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molten silica appears to cause de-polymerization of the melt,
such that at very basic compositions only the isolated SiO4 ~
ion remains intact.
Murase and McBirney (1973) measured several physical
properties of natural silicate melts, and Kushiro et.al. (1976)
extended viscosity measurements on simple (but geochemically
important) melts to high pressure. The systematic accumulation
of this sort of data should eventually supplement any natural
melt structure models based on chemical considerations.
Systematic liquidus shifts.
Kushiro (1975) reached some general conclusions about the
structure of silicate melts by observing changes in the liquidus
diagrams of simple systems induced by incremental addition of
minor chemical components. It was found that the addition of
oxides of monovalent cations (H20, K20, Na20) caused the liqui-
dus fields of less polymerized minerals to expand relative to
adjacent phase fields of more polymerized minerals. Addition
of oxides of polyvalent (> 4) cations (TiO2 ' P205 ' C02 ), on the
other hand, tended to expand the liquidus fields of the more
polymerized crystalline phases. Kushiro interpreted these
results to mean that monovalent cations cause de-polymerization
of complex silicate anions in the melt, while polyvalent cations
promote polymerization. These conclusions seem consistent with
Hess's (1970) statement that in binary silicate melts cations
of high ionic potential push reaction (6) to the right.
Solubility of volatile components.
The interaction of volatile constituents with silicate
melts is extremely important geochemically, and has recently
been studied in some detail. Of specific interest here are pro-
posed solution mechanisms for gases in silicate melts, because
these bear directly on the nature of the melts. Uys and King
(1963) examined water solubility in simple melts as a function
of melt basicity, and proposed two solution mechanisms:
I I I I
-Si-O-Si- + H 0 = -Si-OH + HO-Si- (9)i i 2
and
2(-Si-O~) + H20 = -Si-O-Si- + 20H (10)
The variation of water solubility with melt composition is
determined by the sum of the contributions from reactions (91
and (10). The experimental data suggest that the contribution
of (9) decreases and (10) increases with melt basicity.
Mysen et.al. (1976) recently examined CO2 solubility in
simple and complex melts at high pressure, and found that CO2
is considerably more soluble in basic than in acidic melts.
Again, two mechanisms of solution appear to be operative: in
acidic melts (e.g. albite), CO2 dissolves primarily as gas
molecules; in basic melts (e.g. melilite nephelinite) , however,
carbonate formation appears to be the important solution mechan-
ism.
4. Concluding and Cautionary Remarks
Most of the melt-structure information and theoretical
models described in the preceding pages apply only to simple
two- and three-component silicate systems. It is probably ap-
parent at this point that even simple glass-forming melts are
neither straightforward nor well characterized. The structure
of molten silica is well known, and it seems clear that in gen-
eral the addition of a second oxide de-polymerizes the silicate
network structure. However, some oxides are more effective in
this function than others, and in few cases is it possible to
specifically characterize the de-polymerization process by
identifying anionic complexes. Most models and experimental
measurements give only a time- and space-averaged picture of
melt structure.
None of the work described in this section dealt with tem-
perature dependence of melt structure, yet in view of the pro-
nounced effect of temperature on viscosity (Cukierman and
Uhlmann, 1973; Kushiro et.al., 1976), it is obvious that the
structure of a given melt is temperature-sensitive.
The question of temperature dependence of melt structure
brings to mind the problem of extrapolating results obtained on
glasses to high-temperature liquids. Riebling (1968) stated
that "the structures, or distribution of different polyhedral
species, of an oxide melt and its corresponding glass are not
very different." He also recognized a predictive relationship
between the density of a glass and that of a melt of the same
composition, and concluded that the relative partial molar
volumes of components in simple glasses are the same as in the
corresponding melts. Boon and Fyfe (1972), on the other hand,
suggested that failure to quench in high-temperature coordina-
tion polyhedra of ferrous ions gave unexpected Massbauer results
on their glasses. It therefore seems risky to extrapolate
low-temperature ion exchange data on site types in glasses to
the molten state. My personal feeling is that the overall poly-
meric structure of a silicate melt is in most cases readily
quenchable (this idea is compatible with the common definition
of a glass as a supercooled liquid). However, it does not nec-
essarily follow that high-temperature coordination polyhedra of
non-glassforming cations will be quenched in. The quenchability
of any structure in a melt is, of course, dependent on the com-
position of the melt. It is widely recognized that the kinetics
of all transformations are far slower in silicic melts than in
basic ones.
The validity of the experiments described in the following
sections of this thesis depends only upon quenching in a high-
temperature distribution of elements between phases, and not
upon structural identity between a glass and its melt.
PART I. TWO-LIQUID PARTITION COEFFICIENTS:
EXPERIMENTAL DATA AND GEOCHEMICAL IMPLICATIONS
1. Introduction
In recent years, the accumulation of experimental and
analytical data on partitioning of elements among silicate
phases has resulted in a general knowledge of the relative pre-
ference of different trace cations for crystalline compounds
coexisting with silicate liquid. In most studies (e.g.
Nagasawa and Schnetzler, 1971), differences among elements in
their crystal-liquid partitioning behavior are attributed to
varying compatibility of the respective cations in the rigid
crystalline lattice under consideration. This approach is reas-
onable, becaus the radii of cations and the sizes of cationic
sites in minera s are generally known. However, as recognized
by Burns and Fy e (1964), Whittaker (1967), and Banno and Matsui
(1973), site av ilability in the silicate liquid must also in-
fluence the distribution of trace cations between minerals and
coexisting liqu d. Thus, the behavior of trace elements in
magmas is not splely determined by the nature of the crystals,
but also by the short-range structural characteristics of the
melt phase. Th preceding "previous work" section has estab-
lished that the structure of molten silicate is composition-
dependent; it is therefore reasonable to expect that the compat-
ibility of trace cations in a melt will be influenced by the
major element chemistry.
Part I of this thesis describes a series of partitioning
experiments designed to investigate directly the relative site
availability in basic and acidic silicate melts by high-
temperature equilibration of immiscible liquids in the system
K 2O-FeO-Al2 0 3-SiO2'
2. Experimental Philosophy and Objectives
The stable coexistence of acidic and basic silicate melts
at reasonable magmatic temperatures provides a unique oppor-
tunity to examine the relative compatibility of trace cations
in liquids of different bulk composition. The equilibrium
distribution of trace elements between immiscible acidic and
basic liquids should give qualitative information on the types
of sites that are present in the two melts. To this end, I
undertook an isothermal series of 1 atm doping experiments,
involving systematic addition of trace and minor elements to
immiscible 4-component liquids.
Bulk liquid compositions on the two-liquid boundary of the
system K2 O-FeO-Al203-SiO 2 (Roedder, 1951) were selected for
study (see Fig. 6 and Table 2). This system affords stable,
low-temperature immiscibility between liquids that are relative-
ly simple, yet broadly analogous to natural melts. The two
liquids contain all of the major cation types present in magmas:
1 The term "site" is used here to refer to an average structural
position relative to oxygen and other cations in the melt.
Figure 6. Coexisting liquid compositions at 11800 C in the
system K 20-Al2 0 3-FeO-SiO The molar ratio of total K 20:tot-
al Al 2O3 in all experiments is 1:1. However, immiscible li-
quids differentially partition these components, thus alter-
ing the 1:1 ratio in both liquids and necessitating the use
of the sum (K2 O+Al203 ) to plot the diagram (see Table 2 for
mole percentages of oxides in an immiscible liquid pair).
Symbols: triangles, circles, and diamonds represent immis-
cible liquid pairs after 14 hours at temperature, starting
as Lc+Fa+SiO2 mechanical mixtures of intermediate compos-
ition; crosses, immiscible liquids resulting from 2-day equil-
ibration of fragments of two glasses whose compositions lie
outside of the immiscibility volume; squares, immiscible li-
quid compositions after 4-1/2 hours (inner pair) and 14 hours
(outer pair), starting as an intermediate mechanical mix-
ture of Lc, Fa, and SiO 2 glass; A and B are conjugate li-
quids A and B used for partitioning studies, obtained by
melting MAJ2 mechanical mixture (run times up to 108 hours);
plus sign, composition melting to a single liquid at 11800C.
Dashed line is the intersection of the 11800 isotherm with
the two-liquid volume; dotted line is the approximate posi-
tion of the tridymite liquidus at 11800C; dot-dash line is
the (nonisothermal) intersection of the immiscibility vol-
ume with the liquidus surface of the Lc-Fa-SiO 2 system (mod-
ified from Roedder, 1951). Most tie lines are omitted for
the sake of clarity.
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Table 2. Mole per cent oxides in immsicible acidic (A) and basic (B) liquids
(see Fig. 6 and text) compared with some common igneous rocks. For natural rocks,
oxides of divalent cations and alkali oxides are separately summed for comparison
with FeO and K20, respectively, of liquids A and B.
average
average liquid abyssal average liquid
dacitea A tholeiiteb basalt a B
SiO 2  69.2 74.0 51.5 54.3 55.8
TiO2 0.5 -- 1.2 1.6 --
Al2O3 10.7 3.6 9.8 8.9 2.3
FeOc 4.6 18.4 10.0 10.4 40.1
MgO 3.4 >14.4 -- 12.1 E34.7 10.1 >32.4 --
CaO 6.4 -- 12.6 11.9 --
Na 2 0 4.2 -- 2.8 2.3 --
2K 5.2 0 1 2.9 0 2.9
K20 1.0 j4.0 .lJ 0.6 j1.8
a from Nockolds (1954)
b from Cann (1971)
c all Fe expressed as FeO
Si4+ (glass-former), Al +, divalent cation (Fe +), and alkali
(K+). When compared on a molar basis, the melt compositions
differ appreciably from magmatic liquids only in their lesser
alumina content (Table 2).
I examined the distribution of 14 trace or minor elements
(Cs, Ba, Sr, Ca, Mg, La, Sm, Lu, Mn, Ti, Cr, Ta, Zr, and P)
between the immiscible acidic and basic melts. This group
represents a variety of geochemically "compatible" and "incom-
patible" elements whose cations have widely varied properties.
All experiments were performed at the same temperature (1180*C),
and pressure (1 atm), so that observed differences in partition-
ing behavior could be attributed solely to differences in cation
properties.
In principle, the experiments described here are similar
to previous solid glass-molten salt ion exchange studies des-
cribed on page 36 of this thesis. My approach has the dis-
advantage of lacking a phase in which the activities of the ex-
changing ions are known. On the other hand, my experiments
definitely represent high-temperature equilibrium, and the
hazards of extrapolating site types from glasses to melt are
absent.
3. Experimental and Analytical Methods
Starting materials.
Except where noted otherwise, starting materials for.all
experiments described in Part I consisted of mechanical mix-
tures of silica glass and synthetic leucite and fayalite. These
compounds are stable to water adsorption, essentially stoichio-
metric, and comprise the endmember components of the pseudo-
ternary system Lc-Fa-SiO 2, whose liquidus surface is intersected
by the two-liquid volume of the K2 -FeO-Al2O3-SiO2 tetrahedron
(Roedder, 1951). The silica glass, as well as the K2CO3 '
Al203, and Fe203 used in the synthesis of leucite and fayalite,
were purchased from Spex Industries, Inc. The minimum purity
of these chemicals was 99.9999+ per cent.
Leucite synthesis. Leucite was synthesized essentially by the
method of Schairer and Bowen (1955). A K20-4SiO 2 glass was pre-
pared first by melting down pre-weighed amounts of K2 CO3 and
SiO2 over a period of 4 days, gradually raising the temperature
of the mix from 750 to 1100*C. By this procedure, the weight
loss due to CO2 evolution was less than 1% more than the predic-
ted value; the slight excess weight loss was'assumed to be
volatilized K20, which was replaced by adding the requisite
amount of K2CO 3* The glass was then crushed to a coarse powder,
mixed with the required amount of Al203 , and crystallized at
1200*C (with intermittent crushing and mixing) to leucite. The
final product was inspected optically to assure complete crys-
tallization, and an x-ray diffraction pattern was obtained.
Fayalite synthesis. Pure fayalite was prepared by solid-state
reaction of wistite and silica glass powder. Wistite was ob-
tained by careful hydrogen reduction of Fe2 03 at 600C (a small
amount of Fe metal impurity usually resulted from this procedure,
but this was readily removed magnetically). A final check of
wistite purity was made by x-ray diffraction. Wistite and
silica glass powder were then intermixed in proportions such
that a %10% excess of iron oxide would remain after all silica
went to form fayalite (I found that this procedure greatly re-
duced the fayalite synthesis time). The wistite + SiO2 mixture
was placed in an alumina boat lined with platinum foil and heat-
ed in N2 at 1000*C overnite. The resulting product was a
greenish-yellow briquet speckled with black iron oxide. The
briquet was ground in agate to a fine powder,- returned to the
N2 furnace, and heated again at 1000*C overnight. This procedure
was repeated two additional times, until unreacted SiO2 was no
longer visible under the microscope. At this point, the product
consisted of %90% fayalite + %10% iron oxide. The iron oxide
was reduced to metallic Fe by briefly heating the mixture in a
gentle flow of H2. A pure fayalite separate was obtained by
grinding the mixture in agate to a fine powder, suspending the
powder in acetone in a large watch glass, and pulling out the
iron particles with a strong permanent magnet.
Experimental apparatus and run conditions.
Experiments were performed in vertical, platinum-wound,
1 atm quench furnaces, with temperature control apparatus re-
liable to better than +24C. The temperature was monitored with
Pt/PtlORh thermocouples calibrated at the melting point of gold.
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If the initial calibration of a new thermocouple was more than
1* off at 10630 (Au M.P. on Geophysical Laboratory scale), the
thermocouple was re-welded and re-calibrated.
Charges of 20-40 mg were contained in pure iron capsules
sealed in evacuated silica glass tubes (see Fig. 7). For a
constant bulk composition, this capsule arrangement established
the same low f02 for all experiments (%iron-wiistite buffer, or
10-12.1 atm at 1180*C), and ensured that most iron in the sili-
cate charges was ferrous2. Runs were quenched in 4-5 seconds
by dropping the silica glass tubes into water.
Two minor problems were encountered in using the evacuated
silica glass tube method: 1) during long runs (>2 days), small
amounts of oxygen diffused through the glass tube wall; and 2)
some K 20 was lost from the charges through volatilization into
the vacuum space. Diffusion of oxygen through the glass tube
was evidence by formation of fayalite on the outside of the iron
capsule where it was in contact with SiO 2
2Fe capsule + 0 2diffusion + SiO2tube + Fe2SiO4fayalite
This process appeared to have no effect on the experimental
charge inside the iron capsule; it did, however, through local
crystallization of the glass tubes, limit possible run duration
to about 8 days.
The amount of K20 volatilized during experimental runs
2 Bowen and Schairer (1932) and Roedder (1951) found that iron-
rich silicate melts in equilibrium with Fe metal contain a
small percentage of Fe203 (usually about 2% of total iron is
ferric).
12mm
(evacuated)
Figure 7. Container arrangement for
two-liquid partitioning experiments:
iron metal capsule enclosed in evac-
uated silica glass tube
Fe capsule
(stoppered)
could be gauged only by comparing microprobe analyses of the
quenched charges with the starting compositions. No more than
5% of the total K20 was lost during standard 4-day runs.
Preliminary experiments.
Low-temperature liquid immiscibility in the system K20-FeO-
Al203-SiO 2 has been documented by Roedder (1951). However, his
phase diagram provides little information about the shape and
extent of the two-liquid volume except where it intersects the
leucite-fayalite-silica liquidus surface. Preliminary experi-
ments were performed in order to obtain an isothermal section
through the two-liquid volume at 11800 C, and to examine the rate
and mechanism of melting of Lc-Fa-SiO2 mechanical mixtures to a
two-liquid charge. The intersection of the two-liquid volume
with the 11800 isotherm, delineated in Fig. 6, confirms the
general shape of the two-liquid volume as deduced from Roedder's
(1951) Lc-Fa-SiO2 phase diagram. The system ,is not ternary,
however, because immiscible liquids differentially partition
K20 and Al203, thus perturbing in the two liquids the 1:1 molar
ratio of these oxides that characterizes a leucite component.
Beginning as Lc+Fa+SiO2 mechanical mixtures, compositions
within the two-liquid volume were found to melt completely and
undergo phase separation in about 4 hours at 1180*C. However,
the initial immiscible liquid compositions were less extreme
(Fig. 6) than the equilibrium compositions obtained by maintain-
ing temperature for an additional 8-10 hours. After 14 hours,
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globules of the two liquids, each including the other, were as
large as 400 Vm in diameter (Fig. 8).
Partitioning experiments.
For two-liquid partitioning studies, a bulk composition
(MAJ2; see Fig. 6) was selected that would yield an acidic
liquid (liquid A) and a basic liquid (liquid B) in the ratio of
7:33 at 1180*C (see Fig. 6 and Table 2). A 40-gram batch of
MAJ2 composition was mixed from the leucite, fayalite, and silica
endmembers. A final adjustment to this bulk composition was made
by adding a small amount of wistite of known composition; this
addition compensated for the iron lost from the silicate melt
by the incongruent melting of fayalite to iron metal + liquid
(Bowen and Schairer, 1932).
The MAJ2 composition was doped with a single minor element
in amounts ranging between about 0.1 and 1 weight per cent.
Except in P and Cs partitioning experiments, the minor element
was added in oxide form and thoroughly premixed with the start-
ing material by grinding in an agate mortar. Phosphorus was
added and premixed in elemental form, and Cs as CsNO 3 '
Although two-day run times were found sufficient to equili-
brate the immiscible liquids at all examined concentrations of
the alkaline earth elements, a standard run time of 4 days was
I selected a 7:3 ratio for two reasons: 1) excellent large-
scale phase separation was achieved; and 2) gravitational
separation of the two phases during the runs was kept to a
minimum.
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Figure 8. Immiscible liquids A (light) and B (dark),
quenched from 1180 C after 4 days at temperature. Al-
though not shown in this photograph, many charges contain
a few crystals of tridymite, because the addition of
small amounts of multivalent cations shifts the trid-
ymite liquidus into the two-liquid volume
adopted. This run duration was insufficient only in the case
of phosphorus, which, even after 7 days at 1180*C, showed
inhomogeneous distribution within the two glass phases.
Analysis of charges.
The quenched two-glass charges were analyzed by electron
microprobe for both major and trace or minor constituents.
Major elements were determined first, using a fully automated
Materials Analysis Company electron microprobe (Finger and
Hadidiacos, 1972), operating at an accelerating voltage of 15
kV and a sample current of about 0.04 PA, with a beam spot of
'6 pm diameter. Potassium volatilization under the electron
beam during analysis was found to be insignificant. At least
3 replications on each glass phase of every charge was measured,
in order to ensure major element equilibration and homogeneity,
and to discern any effects of minor components on the bulk com-
positions of the coexisting liquids. Major element data for all
experimental runs are summarized in Appendix I, which also in-
cludes a list of standards used for the analyses.
Trace and minor elements were determined by manual opera-
tion of the MAC electron microprobe. Tantalum and lutetium
were excited by 20-kV electrons; all other elements were anal-
yzed at 15 kV accelerating potential. The sample current was
varied between 0.04 and 0.10 pA in order to maximize the count
rate for a given element. Counting time per analysis spot
ranged from 50 to 500 seconds (most were 100 or 200 seconds),
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selected to give probable counting errors of better than 10% for
all analysis spots except those on the lowest Ba, P, Ta, and Lu
concentrations, which were about 15, 20, 20, and 25%, respec-
tively. Appendix II lists counting times, peak-to-background
ratios, counting errors, and standards for trace and minor ele-
ment analyses. Background count rates for low-concentration
elements were measured for 500 seconds (100 seconds each on 5
spots) on each phase of a blank two-glass sample of the same
bulk composition as that used for partitioning experiments.
Backgrounds determined by this procedure were found to be indis-
tinguishable from those obtained by detailed peak scanning on
the unknowns. Raw count data were compared to counts rates on
synthetic standards (Appendix II) to obtain nominal concentra-
tion values. These nominal values were corrected for absorption
and fluorescence effects by the method of Albee and Ray (1970),
except in the cases of Ta and Lu, for which MAGIC (Colby, 1968)
was used. Only in the case of Mg did the applied corrections
affect the nominal values by more than 4%. For minor and trace
elements, ten replicate spots were counted on each of the two
glass phases in every charge.
Criteria for equilibrium and reversal of Ti experiments.
The primary criterion for equilibrium in all experiments
was homogeneous distribution of the trace or minor element in
both phases of the two-liquid charge, as indicated by low
variance among ten replicate analysis points on each phase
(see error bars in Figs. 9-14 and Table 3). The charge was
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prepared for electron microprobe analysis by crushing to <0.5
mm fragment size, embedding the fragments in a 2x10 mm epoxy
disk, and thin-sectioning the disk. This method insured that
the entire charge was represented in the analysis, and that the
polished surface of the section intersected at random any glob-
ule chosen for analysis.
The attainment of equilibrium was rigorously tested in
4titanium ,experiments by approach from different directions.
Separate glasses of liquid A and liquid B composition were pre-
pared by fusing mixtures of Al203 , Sio 2, and synthetic fayalite
and potassium disilicate at 13500C in iron capsules. A split
of each mixture was doped with TiO 2 (%0.25 and 0.38 wt.%,
respectively, in compositions A and B) before fusion. Glass
fragments (<0.5 mm) of Ti-bearing liquid A composition were
then equilibrated at 1180*C with fragments of undoped liquid
B for 4 days. Similarly, Ti-bearing B composition glass was
equilibrated with undoped acidic glass. The results of these
experiments are included in Fig. 11, which shows the excellent
agreement of these reversal experiment results with each other
and with the Ti partitioning data obtained using crystalline
mechanical mixtures as starting material.
Ti was selected for this purpose because, as a tetravalent
cation, its diffusion rate should be slower than most other
elements examined. Also, probable counting error is very
low for Ti analysis.
4. Results and Interpretations
Partition coefficients.
The results of doping experiments on Cs, Ba, Sr, Ca, Mg,
La, Sm, Lu, Mn, Ti, Cr, Zr, Ta, and P are presented in Figs.
9-14 and Table 3. The data may be compared with the qualita-
tive predictions of Hess and Rutherford (1974), who stated
4+. 3±that: 1) cations able to replace Si4 in melts (e.g. Al )
and cations required for local charge balance in the copolymeri-
2+
zation of AlO and SiO4 tetrahedra (alkalies, Ba ) would be
enriched in the more acidic of two coexisting liquids; and
that 2) cations of high field strength (charge/radius) would
favor the basic melt if copolymerization with SiO2 were not
possible. The predictions of these authors are generally con-
firmed by the present data, except that barium behaves more
like the other alkaline earth elements than like potassium.
The two-liquid partition coefficient, here defined as
D = concentration in Basic (Fe-rich) liquidB/A concentration in Acidic (Si-rich) liquid ,
does not, however, show a simple dependence on cation field
strength (Fig. 16).
Alkali and alkaline earth elements (Cs, Ba, Sr, Ca, Mg). The
nearly equal distribution of the large alkaline earth elements
(Ba, Sr) between acidic and basic melts (Fig. 9) suggests
either that they do not occupy the same structural position
in the melt as Fe , or that substitution for Fe + is more
Table 3. Summary of two-liquid partitioning data
Ele- Wt.- % a Wt.- % a DB/A Ele- Wt.- % a Wt.- % a DB/A
ment in (10 pts) in (10 pts) ment in (10 pts) in (10 pts)
basic acidic basic acidic
glass glass glass glass
Cs 0.038 0.005 0.127 0.011 0.30 Sm 0.175 0.010 0.034 0.006 5.15
Cs 0.069 0.009 0.228 0.012 0.30 Sm 0.431 0.010 0.100 0.012 4.31
Cs 0.114 0.008 0.368 0.010 0.31 Sm 0.744 0.034 0.175 0.015 4.25
Sm 0.984 0.032 0.233 0.023 4.22
Ba . 0.101 0.020 0.063 0.022 1.60 Sm 1.144 0.050 0.273 0.012 4.19
Ba 0.142 0.012 0.087 0.015 1.63
Ba 0.261 0.021 0.180 0.020 1.45 Mn 0.173 0.010 0.056 0.012 3.09
Ba 0.530 0.029 0.369 0.028 1.44 Mn 0.368 0.028 0.128 0.016 2.88
Ba 0.819 0.042 0.600 0.032 1.37 Mn 0.570 0.024 0.199 0.019 2.86
Mn 0.742 0.016 0.256 0.021 2.90
Sr 0.20 0.03 0.15 0.02 1.33
Sr 0.66 0.03 0.46 0.03 1.44 Cr 0.132 0.006 0.041 0.005 3.22
Sr 0.94 0.04 0.51 0.04 1.84 Cr 0.326 0.015 0.076 0.007 4.29
Ca 0.179 0.011 0.057 0.009 3.14 Ti 0.170 0.010 0.057 0.004 2.98
Ca 0.243 0.008 0.093 0.010 2.61 Tia 0.193 0.008 0.063 0.003 3.06
Ca 0.350 0.008 0.151 0.010 2.32 Ti 0.260 0.007 0.086 0.005 3.02
Ca 0.429 0.011 0.186 0.009 2.31 Tia 0.304 0.019 p.106 0.009 2.87
Ca 0.515 0.013 0.265 0.008 1.94 Ti 0.484 0.021 0.160 0.003 3.03
Ca 0.665 0.023 0.372 0.017 1.79 Ti 0.616 0.038 0.189 0.015 3.26
Ti 0.766 0.030 0.231 0.013 3.32
Mg 0.139 0.011 0.065 0.006 2.14
Mg 0.290 0.012 0.130 0.010 2.23 Zr 0.241 0.022 0.095 0.006 2.54
Mg 0.420 0.010 0.190 0.009 2.21 Zr 0.528 0.022 0.232 0.013 2.28
Mg 0.631 0.019 0.310 0.011 2.04 Zr 0.662 0.042 0.281 0.018 2.36
Mg 0.700 0.021 0.330 0.013 2.12 Zr 0.980 0.023 0.429 0.012 2.28
La 0.250 0.010 0.058 0.004 4.31 Ta 0.318 0.024 0.072 0.019 4.42
La 0.418 0.013 0.113 0.007 3.70 Ta 0.664 0.044 0.153 0.021 4.34
La 0.660 0.018 0.178 0.007 3.71 Ta 1.007 0.047 0.241 0.023 4.18
Lu 0.328 0.024 0.046 0.016 7.13 P 0.240 0.053 0.018 0.010 13.33
Lu 0.560 0.026 0.134 0.030 4.18 P 0.317 0.063 0.038 0.010 8.34
a Reversal experiments (see text)
Figure 9. Graphical illustration
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favorable in the acidic than in the basic melt. It is possible
that more than one type of site is involved (e.g., both K +_
and Fe -type sites). The smaller alkaline earth elements,
on the other hand, probably assume structural roles very simi-
lar to that of Fe 2+, and are similarly partitioned between co-
existing liquids (Fig. 9). In fact, the distribution of trace
amounts of Mg between the two liquids is identical with the
distribution of Fe, a major component of the system. The ratio
of Mg/Fe in the two liquids is therefore the same, which implies
complete interchangeability of Mg2+ and Fe + in silicate melts.
At very low concentration, Ca2+ shows more enrichment in the
basic melt than Mg 2+, indicating that Ca2+ does not so readily
replace Fe2+ in the acidic melt.
The general trend of increasing enrichment in the acidic
melt with increasing size of alkaline earth elements and Cs
is evidence that acidic melts are more open-structured (or
less efficiently packed on an atomic or molecular level) than
basic melts. Such a structure might result from relative
"inflexibility" of the more complex silica network shown by
Hess (1970) to characterize acidic liquids.
Rare earth elements (La, Sm, Lu).. The rare earth elements (REE)
examined are enriched in the basic melt by a factor of 4 to 5
(see Fig. 10). As indicated by the error bars, the Lu data
are subject to considerable uncertainty, but DB/A appears to
increase slightly with decreasing ionic radius of the REE.
The overall similarity in partitioning of La, Sm, and Lu sug-
(f)
U-
C3
0
0
0.2 0.4
wtoo in acidic glass
Figure 10. Partitioning of rare earth elements between
liquids A and B at 1180 0 C. Error bars = ±2 standard errors
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gests that the lanthanide contraction does not influence the
structural position of REE in silicate melts. Because the REE
are strongly enriched in Al-poor (basic) melt, it can be conclu-
ded that the REE cations are too large to replace Si4+ as glass-
forming cations in the manner described by Day and Rindone
3+(1962b) for Al . Clearly, cation charge alone does not deter-
mine substitution behavior in silicate liquids.
Transition elements (Cr, Ti, Mn). The data presented in Fig. 11
for Cr, Ti, and Mn are incomplete as an examination of transi-
tion metal behavior in general, because two geochemically im-
portant elements, Co and Ni, were omitted in this initial study
(these two elements are reduced in the presence of metallic
iron capsules). The data obtained for Cr, Ti, and Mn are none-
theless interesting in their similarity: at low concentration
(<2000 ppm metal in the basic melt), the partition coefficient
(D B/A) for all three elements is 3.0-3.3. Considering the
differences in valence and octahedral site preference energy
among the respective cations, this is a surprising result. A
plausible inference is that site occupancy by transition metal
ions is independent of charge in silicate liquids at high tem-
perature. In other words, sites might exist in melts that can
be filled by any cation of suitable size and bonding character-
istics, regardless of valence.
An additional implication of the data in Fig. 11 is that
two substitutions known to occur in crystalline silicates,
r3+ 3± a 4+ 4+Cr Al and Ti Si (Verhoogen, 1962), probably do not
(n /'
Co Mn
(o.2 . )
Cr0.6- Ti
00 0.4 Cr~ Mn 0.10
S0.2
0 0.2 0.4 0 0.05 0.10
wto/o in acidic glass
Figure 11. Partitioning of transition elements between liq-
uids A and B at 1180 0C. Only two data points were obtained
for Cr because the melts were saturated with chromite at
0.32 wt% Cr in the basic melt (0.075% in the acidic melt).
For titanium, solid circles represent partitioning values
obtained using Lc+Fa+SiO 2 mechanical mixtures as starting
material. The open-circle data point was obtained by equil-
ibrating Ti-bearing B-composition glass fragments with un-
doped A-composition glass fragments. The dot-in-circle data
point represents equilibrated glass fragments where all Ti
was initially in the A-composition glass (see text). Error
bars = ±2 standard errors
occur in liquids, because Cr and Ti are strongly depleted in
the Al-, Si-rich (acidic) glass.
Highly-charged incompatible elements (P, Zr, Ta). Partitioning
data for P, Zr, and Ta are summarized in Fig. 12. As previously
mentioned, difficulty was encountered in equilibrating the
immiscible liquids with respect to minor or trace amounts of
phosphorus (this element is known to diffuse slowly in molten
silicate [Doremus, 1973], probably because it exists as a
large phosphate complex). Despite the inhomogeneity of phos-
phorus distribution (see error bars in Fig. 12), strong enrich-
ment in the basic melt is obvious, and attests to the extreme
incompatibility of this element in silicic liquids.
Like phosphorus, tantalum is assigned a valence of +5 in
oxides and minerals, but in a two-liquid system tantalum shows
less enrichment in the basic melt, again illustrating the sub-
ordinate role of cation valence to cation size and/or bond type
in determining two-liquid partitioning behavior.
Zirconium, although tetravalent, is identical in ionic
radius to Mg (I.R. = 0.80A for 6-fold coordination with
oxygen [Whittaker and Muntus, 1970]), and is similarly partition-
ed between basic and acidic melts.
Effect of minor components on coexisting liquid compositions.
The addition of minor amounts of some oxides to immiscible
liquids in the system K20-FeO-Al2 0 3-SiO2 causes changes in the
equilibrium major-element liquid compositions. Some elements
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Figure 12. Partitioning of Ta, P, and Zr between liquids
A and B at 1180 0C. Error bars = ±2 standard errors. Large
error bars on P data points reflect inhomogeneity in dis-
tribution of this element (see text)
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Figure 13. Two-liquid partitioning data for alkali, alkaline earth, and transition
elements replotted (from Figs. 9 and 11) to show variation in DB/A with element con-
centration in basic glass. Error bars = ±2 standard errors
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Figure 14. Two-liquid partitioning data for rare earth ele-
ments, Ta, Zr, and P replotted (from Figs. 10 and 12) to
show variation in DB/A with concentration in basic glass.
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(Ti, Cr, REE, Ta, P) have the effect of broadening the miscibil-
ity gap, while most other elements cause slight convergence of
the bulk compositions. These effects are potentially important
to the prediction of immiscibility in magmas, and are therefore
summarized in Fig. 15 for all elements examined in this study.
Clearly, changes in immiscible liquid compositions must affect
the minor- or trace-element partition coefficients, causing
non-linearity in the data point trends of Figs. 9-14. As dis-
cussed in the next section, however, this nonlinearity is due
at least in part to the breakdown of ideal dilute solution
behavior.
5. Discussion
Systematics of two-liquid partitioning.
Hess and Rutherford (1974) suggested that high field-
strength cations which are unable to assume tetrahedral coordin-
ation with oxygen are incompatible in highly-polymerized,
silica-rich melts, and should therefore be partitioned into
the more basic of two coexisting liquids. The validity of
this hypothesis is supported by the common presence of stable
two-liquid fields in binary silicate systems involving oxides
of cations whose ionic potentials (charge/radius values) ex-
ceed about 1.5 (Glasser et.al., 1960). In the following para-
graphs, the ideas of Hess and Rutherford are expressed as a
general predictive model for trace element partitioning between
basic and acidic liquids, which is subsequently tested against
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TOTAL WT. / MINOR ELEMENT IN TWO-LIQUID CHARGE
Figure 15. Graphical representation of the changes in equi-
librium K20-Al203-FeO-SiO 2 liquid compositions induced by
addition of a fifth component (designated by atomic symbol).
Per cent expansion or contraction of immiscibility volume
is gauged by FeO content of coexisting liquids, because the
elongation of the immiscibility volume is directed almost
toward the FeO endmember (Fig. 6)
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the data obtained in this experimental study.
A basic melt, being less polymerized than an acidic one,
contains more free oxygen ions and more oxygens linked to a
single Si (Toop and Samis, 1962a,b). Consequently, there are
more potential sites in a basic melt where high field-strength
cations can be readily coordinated by oxygen. It is therefore
not surprising that 13 of the 14 elements examined in this study
are partitioned into the more basic of two coexisting liquids.
Following Hess and Rutherford (1974) and Levin and Block -
(1956), this "oxygen availability" argument could be used to
predict relative two-liquid partition coefficients or relative
compatibilities of different cations in a given silicate melt
structure. In general: the greater the stabilization of a
cation in its appropriate oxygen coordination polyhedron, the
more it will be enriched in the more basic of two coexisting
liquids. As a first approximation, cation-oxygen bond strength
might be used as a relative measure of cation stabilization by
an oxygen polyhedron. Assuming purely ionic bonding in sili-
cate liquids, cation-oxygen bond energy is given by
2Ze 2
R
where Z = cation charge, e = the charge on an electron, and R =
cation-oxygen interatomic distance. Cation stabilization in a
polyhedron of oxygens, then, is proportional to Z/r (the ionic
potential or field strength of the cation), where r is the cat-
ion radius.
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The validity of these assumptions can be tested by plot-
ting Z/r against the two-liquid partition coefficients obtained
in this study (Fig. 16). The model successfully predicts that
phosphorus (Z/r % 20) will be most enriched in the basic melt,
and that cesium (Z/r nu 0.5) will be least enriched, but for
cations of field strength intermediate between these values,
there is not a good correlation between DB/A and Z/r.
Possibly the weakest assumption in the predictive model
proposed above is that cation-oxygen bonding in silicate melts
is purely ionic. The charge/radius value, as a measure of
ionic bond strength in the melt, cannot be expected to corre-
late well with the two-liquid partition coefficient for cations
whose bond with oxygen is significantly covalent. The elements
plotted in Fig. 16 can be classified (somewhat arbitrarily) by
cation-oxygen bond type into two groups: those of >70% ionic
character, and those of <65% ionic character. These two groups
define two separate trends on a Z/r vs. DB/A plot (Fig. 16),
each of which shows considerably less scatter than the data
points on the whole. It is possible that the two trends out-
lined in Fig. 16 represent two different site types in the melt:
one occupied by small, highly-charged cations whose bonding with
oxygen is partially covalent and directional (P 5+, Ta 5+, Zr 4+
Cr 3+); the other by cations bound essentially by electrostatic
forces (Cs +, Ba , Sr 2+, Mg 2+, Mn 2+, Ca 2+, La +, Sm +, Lu 3+).
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Figure 16. Plot of cation ionic potential (charge/radius)
against the experimentally-determined two-liquid partition
coefficient, D B/A Data points have been divided into two
groups: the upper trend includes cations whose bonding
with oxygen is < 65% ionic; the remaining elements (lower
trend) form bonds with oxygen of > 70% ionic character (see
text). Ionic radii are those of Whittaker and Muntus (1970)
for coordination determined by cation/oxygen radius ratio
Geochemical implications of two-liquid partitioning data.
Henry's Law. Henry's law states that the thermodynamic activity
of a solute at low concentration can be approximated as a linear
function of its concentration, i.e.:
a. = K.X. (11)1 1 1
where a. is the activity of a dilute component i in the solu-
tion, X. is the concentration of component i, and K. (termed
the Henry's law constant) is constant, at a given temperature
and bulk solvent composition, up to some maximum value of X.
For two solutions A and B in equilibrium, each containing a
small amount of component i, the following relation holds if i
obeys Henry's law in A and B:
BXB
A-B a B AK.i
AG = -RTlnK = -RTln i/a. = -RTln (12)
eq 1 KXA
1 1
A-B
where AG. is the free energy charge associated with transfer-
1
ring a mole of i from A to B, when i is in its standard state
in both phases, and K is the equilibrium constant for the
transfer reaction. Of major significance to partitioning
KB
studies is the fact that K =1 i . For constant temperature
eq AA
1 1
and pressure, this implies that the partition coefficient,
XB/XA, is constant as long as i obeys Henry's law in both A andl 1
B. Above a critical concentration level of i, a constant value
B A
of X./X. cannot be expected, because the linear relation between
1 1
a. and X. breaks down. From a geochemical viewpoint, it is of
1 1
interest to know the concentration level to which Henry's law
is valid in silicate melts.
In addition to two-liquid partition coefficients, the data
presented in Figs. 9-14 establish approximate limits of applica-
bility of Henry's law for oxides dissolved in complex silicate
melts. In general, the limit for a given element should corres-
pond to the point where the plot begins to deviate from linear-
ity (above which DB/A is no longer constant with increased con-
centration). At greater concentrations, Henry's law is no
longer obeyed in one or both of the liquids (it is not possible
to say in which). As discussed in the previous section, non-
linearity in Figs. 9-14 may be caused by changes in major-
element composition of the coexisting liquids. Information con-
cerning Henry's law limits is nonetheless obtainable. The
following observations are pertinent:
1) The definitely linear portions of the plots in Figs.
9-14 indicate Henry's law behavior in liquids A and B. Thus,
Ba, Sr, Sm, Ti, Mn, Zr, and Ta show ideal dilute solution behav-
ior up to at least 5000 ppm in the basic melt. Any curvature
at higher concentration cannot be confidently attributed to the
breakdown of Henry's law, because bulk liquid compositions do
change.
2) Extreme curvature and apparent absence of a linear por-
tion in a plot such as that of Ca (Fig. 9) probably indicates
non-ideal behavior to very low concentration. Such curvature
represents a factor-of-two decrease in DB/A over the composition
interval studied, which is not likely to be induced by a 35%
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narrowing of the liquid miscibility gap (Fig. 15).
3) Breakdown of Henry's law is indicated if the data plot
for an element shows curvature opposite of that which would be
caused by the observed change in major-element liquid composi-
tions. For example, the data points for La (Fig. 10) suggest
slight curvature to the right (decrease in DB/A), yet the
addition of La broadens the miscibility gap (Fig. 15).
Because of the difficulty in precisely establishing
Henry's law limits for the elements studied, a complete inter-
element comparison is not possible. However, there are some
clear qualitative indications: 1) on an atom per cent basis,
Mg2+ has the highest limit, probably because of its similarity
in charge and radius to Fe +; and 2) most of the elements stud-
ied obey Henry's law in liquids A and B to concentrations well
above those typically found in rocks. Because of the general
compositional similarity of liquids A and B to natural melts
(Table 2), I believe that these data are qualitatively applica-
ble to natural systems, and might, in fact, be used in a gener-
al way to distinguish trace from minor elements in magmas.
Implications to solid-liquid partitioning.
It is commonly assumed in measuring and applying solid-
liquid partitioning data that a trace element distribution co-
efficient is constant with changing liquid composition. Burns
and Fyfe (1964), Banno and Matsui (1973), and Irvine (1974),
among others, have recognized the fallacy of this assumption.
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The present two-liquid partitioning data can be directly applied
to this problem in a qualitative way. For example, Ba and Sr
are only weakly partitioned into the basic liquid (DB/A ' 1.5)
at 1180*C, indicating that sites suitable for these ions are
nearly as abundant in the silicic melt as in the less polymeri-
zed basic melt. By analogy, it is likely that natural intermed-
iate to felsic liquids are almost as accommodating to the large
alkaline earth ions as are basaltic liquids. Consequently, the
distribution coefficients for Ba and Sr between a given solid
phase and magmatic liquid should remain nearly constant with
changing liquid composition (ignoring temperature dependence).
However, this near-absence of liquid composition dependence
would not be predicted for solid-liquid partitioning of transi-
tion metals, REE, Zr, Ta, and P. Figures 10-14 show that these
elements are far more compatible in basic than in acidic
liquids. Their solid-liquid partition coefficients would there-
fore increase with decreasing basicity of the melt in a frac-
tional crystallization sequence. Cesium, on the other hand,
would show progressively stronger enrichment in the melt phase
of a fractionating magma.
The validity of the preceding argument is supported by
the analytical data of Nagasawa and Schnetzler (1971) and Irving
and Frey (1976), who found larger REE phenocryst-matrix parti-
tion coefficients in dacites than in more basic rocks, a result
that is predictable from the data in Fig. 10. Clearly, natural
systems are chemically and physically more complex than the 4-
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component experimental charges used in this partitioning study.
However, these experiments have demonstrated that cations show
variable compatibility in melts of different composition (and
structure). This sensitivity to liquid composition and struc-
ture must also be displayed in nature, although temperature
and pressure effects may be superimposed. An important con-
sequence to geochemistry is that constant solid-liquid parti-
tion coefficients cannot be generally assumed in trace element
modelling of fractional crystallization processes. This consid-
eration may be important for those elements whose solid-liquid
partition coefficients are fairly close to 1.
Immiscibility in magmas.
Roedder and Weiblen (1971) suggested that fractionation of
elements between immiscible silicate liquids could be an impor-
tant process in the evolution of the lunar crust, noting in
particular the potential significance of enrichment of incompat-
ible elements in the more basic of two coexisting liquids. Such
a pattern is opposite of that expected for contrasting magmas
resulting from fractional crystallization processes, and if
found in rocks, might be evidence for the occurrence of liquid
immiscibility. The data in Figs. 9-14 indeed indicate that the
operation of liquid immiscibility in nature would produce unusu-
al trace element distributions; the REE, for example, would be
enriched in an immiscible mafic melt. These data are therefore
potentially useful for identifying instances of magma unmixing.
Considered in light of the present experimental data, a
liquid-immiscibility origin for mafic-felsic associations such
as basalt-rhyolite (Yoder, 1973) and alkali basalt-trachyte
(Chayes, 1963) seems unlikely, because the rock types compris-
ing the acidic members of these associations are typically en-
riched, not depleted, in indicative elements such as the rare
earths (Haskin et al., 1968; Zielinski and Frey, 1970; Ewart
et al., 1968). However, for the lamprophyric rocks, in which
good textural evidence for immiscibility exists (Philpotts,
1971; Ferguson and Currie, 1971), the case for magma unmixing
is not discredited by the partitioning data obtained in this
study. Lamprophyres commonly show extreme enrichment in incom-
patible elements such as phosphorus (Turner and Verhoogen, 1960)
that is not easily explained in these mafic to ultramafic rocks
by conventional petrogenetic processes. The data in Figs. 9-14
indicate that such enrichment would be inherited by a basic
melt originating as an immiscible fraction of a pre-existing
magma. As emphasized by Bowen (1928), liquid immiscibility is
a continuous process; thus, an isolated immiscible lamprophyric
fraction of a magma would split upon further cooling into two
liquid phases. The ocellar texture of many lamprophyres may
therefore be correctly attributed to liquid immiscibility. If
so, the partitioning of elements between felsic ocelli and
lamprophyre matrix should resemble the two-liquid partitioning
data presented in this paper. The data must, of course, be
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applied qualitatively and with caution, considering especially
the possible coexistence of one or more crystalline phases
with the two liquids.
6. Concluding Remarks
This study of trace- and minor-element partitioning between
coexisting silicate liquids was conceived primarily as an inves-
tigation of relative compatibilities of widely varying cation
types in silicate melts. Acidic melts have sites that can
+ 2+ 2+.
accept large cations such as Cs , Ba , and Sr ; in general,
the compatibility of a cation in an acidic melt decreases as
the charge/radius ratio of the cation increases. The higher
percentage of nonbridging oxygen ions in basic melts favors
the incorporation of trace cations that form strong bonds with
oxygen. These conclusions are consistent with previous concepts
of silicate melt structure.
In addition to supplementing and supporting existing struc-
tural models of silicate melts, the experiments described in
Part I of this thesis have shown that the compatibility of a
trace element in the melt phase of a magma may be an important
geochemical consideration. In particular, it is now clear that
solid-liquid partition coefficients must depend on liquid com-
position. As evidenced by the degree of fractionation between
immiscible melts, this dependence is stronger for some elements
than others. Crystal-liquid partitioning of the large alkaline
earth elements (Ba and Sr) should be insensitive to composition-
al variation of the liquid phase. The distribution of these
elements between crystals and liquid is therefore a promising
area for temperature measurement applications. At the other
extreme, crystal-liquid partitioning of an element such as P
will depend strongly on melt composition; in this case, any
reported partition coefficient value for a solid-liquid pair
can only be taken as representative of that specific liquid
composition.
In spite of the rapidly-expanding volume of partitioning
data for natural crystal-liquid pairs, it has not generally
been possible to discern and evaluate melt-composition effects
because unknown variables such as temperature and pressure are
also contained in most of the data. Part I of this thesis has
shown that melt-composition effects on solid-liquid partitioning
must in fact be expected. In Part II, I will attempt to separ-
ate the effects of melt composition and temperature on the
partitioning of a single element (Mn) between forsterite and
a wide variety of geologically-relevant liquid compositions.
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PART II. PARTITIONING OF MANGANESE BETWEEN FORSTERITE
AND SILICATE LIQUID: THE EFFECT OF LIQUID COMPOSITION
1. Introduction.
Silicate melts are characterized by a complex structure
that varies extensively with melt composition. This structural
variation occurs both on a "short-range" scale, involving
changes in oxygen coordination of cations (Day and Rindone,
1962b; Burns and Fyfe, 1964), and with respect to the overall
polymeric nature of the melt (Toop and Samis, 1962a,b; Hess,
1970, 1975). Silicate melts of different bulk composition
thus have different inherent structures. It is therefore
reasonable to expect that the chemical potential of a dilute
species in a melt will be sensitive to bulk compositional
changes. In Part I of this thesis, I demonstrated directly
that most trace cations show a preference for basic relative
to acidic melts, which implies that the energy states or
activities of these cations are lower in basic liquids. I
also discussed the implications of my data to solid-liquid
partitioning of trace elements in geochemical systems: in
short, solid-liquid partition coefficients must depend on
liquid composition, because the compatibility of a trace cation
in a melt depends on the structure (and hence on the composi-
tion) of the melt.
Part II of this thesis describes a series of experiments
designed to obtain detailed information on the effect of liquid
compositional variations on the distribution of Mn between
forsterite and silicate melts. In previous partitioning
studies (e.g. Drake and Weill, 1975; Longhi et al., 1976),
variations of solid-liquid partition coefficients with melt
composition have been treated by defining equilibrium constants
that contain composition-dependent activity terms for the ex-
changing cations. Because of the complexity and variability
of melt structure, defining cation or oxide activities is
difficult, especially if large variations in melt composition
must be considered. Thus, the equilibrium-constant approach
does not always succeed in eliminating melt-composition depen-
dence of trace element partitioning, probably because it does
not satisfactorily account for structural changes in the melt.
The experimental results reported here suggest that the
silicon:oxygen atomic ratio is a fundamental structural param-
eter of silicate melts which can be used to separate melt-
composition from temperature effects on trace element partition-
ing between olivine and complex silicate liquids.
2. Experimental and Analytical Methods.
Selection of compositions
In addition to geological relevancy, an important require-
ment in choosing a system for these studies was a large primary
phase volume of a pure crystalline phase, where the composition
of liquid in equilibrium with crystals could be varied exten-
sively. The Fo-Ab-An system (Fig. 17) was selected as a
starting point. In this system, forsterite is the liquidus
phase over a large portion of the diagram, and coexists at
equilibrium with liquids ranging from very basic to nearly pure
albite liquid. Because the solid solution of monticellite in
forsterite is small for olivine coexisting with Fo-Ab-An
liquids, the olivine composition remains essentially constant
with gross variations in melt composition. Observed changes
in partitioning of a trace element between olivine and liquid
should therefore be attributable either to temperature or melt
composition differences; the effect of slight variations in
olivine composition can be ignored (the CaO content of forster-
ite in the experiments described below ranges from 0.04 to 0.4
wt. %; see Table 4b).
I decided to examine the partitioning of manganese because
this element showed a 3 to 1 preference for basic relative to
acidic melt in my previous two-liquid partitioning studies.
Manganese should therefore show fairly strong melt-composition
dependence in olivine-liquid partitioning. Manganese is a
suitable element for the additional reason that its distribu-
tion between forsterite and melt is fairly close to 1:1 (based
on observed partition coefficients in glassy rocks). Thus,
electron microprobe analysis for Mn in both olivine and co-
existing glass is precise and accurate at concentration levels
resembling those in natural rocks.
plagioclase
Ab wt. per cent An
Figure 17. Liquidus diagram of the system forsterite-albite-
anorthite (after Schairer and Yoder, 1966). Circles indicate
compositions of Fo-Ab-An glasses in equilibrium with forster-
ite crystals at 1350 and 1450 0C (solid circles are electron
microprobe analyses; open circles are compositions estimated
from this phase diagram) . Run numbers for some of the mangan-
ese partitioning experiments are denoted by small bold type.
Glass analyses for these and other runs are summarized in
Table 4.
Specific techniques
Starting materials. Starting materials consisted of oxide
mixes, except that the albite endmember was pre-synthesized by
the method of Schairer and Bowen (1956). Forsterite and anor-
thite compositions were prepared by calcining pre-weighed mixes
of reagent grade MgCO 3 + SiO 2 and CaCO3 + Al203 + Sio2'
respectively. Starting compositions were prepared in two-gram
batches by weighing in the required amounts of the three end-
member compositions and grinding under acetone for 30 minutes
in an agate mortar. 200-mg splits were doped with Mn by weigh-
ing in the desired amount (usually %0.2 wt. %) of spectroscopic
grade MnO.
Apparatus and run conditions. All experiments were performed
in a platinum-wound, 1-atm quench furnace with temperature
control equipment reliable to better than +1*C. Temperature
was monitored by a Pt/PtlO%Rh thermocouple, talibrated at the
melting points of Au and Ni (in vacuo).
Unless noted otherwise, the 10 to 20-mg charges were con-
tained in platinum capsules that were welded shut to prevent
sodium volatilization during the runs. The capsules were lower-
ed into a furnace already at run temperature, held at tempera-
ture for 2-5 days (see following section), and quenched by
dropping into water. This procedure resulted in equidimensional
forsterite crystals ranging in size from 10 to 70 pm (higher
temperatures and basic melts favored larger crystals).
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Preliminary experiments
Criteria for equilibrium. In order to determine suitable run
durations for the Mn partitioning experiments, systematic pre-
liminary runs were made and analyzed in detail. A starting
composition of Fo 50Ab 25An25 doped with %0.5 wt. % Mn, was run
at 12500 and 14500 for 2 days. The same composition was then
re-run at the same temperatures for a duration of 4 days.
The observed partition coefficients for experiments run at the
same temperature were not significantly different (Table 5),
although the variance among replicate Mn analysis spots was
slightly higher for the shorter (2-day) run at 12500. Figure
18 shows a Mn concentration profile obtained by traversing
a 50-ym forsterite crystal in the charge held for 2 days at
14500. There is no suggestion of disequilibrium.
The following standard run times were adopted for all par-
titioning experiments: 1450*-2 days; 1350*-3 days; 1300*-4
days; 12500 and below - 5 days. The equilibration of any given
charge was judged by the observed variance in replicate Mn
analysis spots on forsterite and glass. In most cases, this
variance is close to that expected from counting errors (Table
5).
The effect of oxygen fugacity. The possible effect of oxygen
fugacity on the oxidation state of Mn in the melt was examined
by duplicating 2 partitioning experiments in platinum and molyb-
denum capsules. When sealed in an evacuated silica glass tube,
a molybdenum capsule buffers the contained charge at an fo2
U
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Figure 18. Electron microprobe traverse across a 50pm for-
sterite crystal in run number 6R1 (see Table 4) . Total sec-
onds counted on each analysis spot = 100. la counting error
for each spot is indicated by
-g- _ 4,- ~
---- 0 a mean = 43.60
T g -- gg * -- mean =31.18
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very close to the iron-wstite curve (Biggar, 1970). The plat-
inum capsules, on the other hand, were welded shut in air,
creating highly oxidizing conditions inside the capsules during
the runs. However, the extreme difference in f02 for the two
capsule types did not appear to affect the oxidation state of
Mn in the melt, because partition coefficients for runs dupli-
cated in the two containers were the same within experimental
error (see Table 5). This coincidence of partition coefficient
values indicates that Mn ions in silicate melt are predominantly
divalent even under very oxidizing conditions. If a significant
amount of a higher oxidation state were present in the runs.
made in platinum, the observed forsterite-liquid partition co-
efficients would be low relative to those measured in charges
of the same composition run in molybdenum (assuming that Mn
ions of charge >2 would not be incorporated into forsterite).
Molybdenum capsules were not adopted for general use in
these experiments because sodium volatilization into the vacuum
space enclosed by the SiO 2 glass tube is a serious problem.
Also, the molybdenum capsule + glass tube arrangement can only
be used over 1400*C for very short (1-2 hour) runs.
Concentration dependence of partition coefficients. Mysen
(1975) has demonstrated that the distribution of Ni between
olivine and silicate melt depends on the amount of Ni present
in the system, even at very low Ni concentrations. The data of
Leeman (1974) suggest no such concentration dependence for
'5h
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Figure 19. Experimental results showing lack of dependence of forsterite/liquid
partitioning of Mn on the concentration of Mn in the charge (see text)
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either Ni or Mn partitioning between olivine and melt at the
concentration level used in this work (\0.2 wt. % Mn). As a
check for concentration dependence of Mn partitioning in the
specific compositions used in this study, I ran several experi-
ments at different Mn concentrations in the range 0.05 to 0.5
wt. % Mn. The results of these experiments (Fig. 19) indicate
that Mn partition coefficients are independent of Mn concentra-
tion up to at least 0.6 % MnO in forsterite.
Scope of partitioning experiments.
An initial group of Mn partition coefficients was measured
for forsterite-liquid pairs along four isotherms (1450, 1350,
1300, 1250*C) on the liquidus surface of the Fo-Ab-An system
(Fig. 17, Table 4). In order to establish more general validity
for the model proposed later in this paper, liquid compositions
were not confined to the Fo-Ab-An composition plane [such
liquids may in fact be structurally unique because they contain
a stoichiometric plagioclase component, possibly analogous to
the important 1:1 ratio of Na:Al in sodium aluminosilicate
melts (Day and Rindone, 1962b)]. Four additional isothermal
series of runs were therefore made, in which the starting com-
positions contained a 35% excess of CaO relative to Fo-Ab-An
compositions (see Table 4 for glass analyses). As noted in
Table 5, some charges contained plagioclase or spinel as well
as forsterite. Several runs were also made in which forsterite
coexisted with synthetic melts of iron-free "basaltic" composi-
tion (iron was replaced by magnesium on a molar basis). One of
these glasses approximates an alkali basalt, and contains 4.07%
7io 2 and 1.77% K20 (Table 4); this composition is well removed
even from the SiO 2-Al2 0 3-MgO-CaO-Na 20 system.
Analysis of charges.
Both major element compositions and manganese partition
coefficients were determined by electron microprobe. For major
element analysis, the M.I.T. Materials Analysis Company elec-
tron microprobe was used in automated mode (Finger and
Hadidiacos, 1972), operating at an accelerating voltage of 15
kV and a sample current of about 0.02 UIA. On forsterite
crystals, a beam spot of about 2 pm diameter was used. Position-
ing of the beam on very small crystals was facilitated by the
blue fluorescence of pure forsterite. For glass analyses, a
6-ym beam spot was used unless the polished surface of the
charge was very crowded with crystals, in which case a smaller
beam was required. Sodium volatilization under the electron
beam was found to be a serious problem in Fo-Ab-An glasses
near the Fo-Ab sideline; compositions reported for these glasses
are estimates from the published phase diagram of Schairer and
Yoder (1966; see Table 4 and Fig. 17).
The low concentrations of Mn used in this study necessita-
ted detailed peak and background determinations for this ele-
ment. Improved count rates were achieved by increasing the
sample current to \0.045 yA, and total accumulated counts were
Table 4a. Major element analyses and Si/O ratios of glasses
in experimental runs. Analyses are listed in order of de-
creasing Si/O except for Fe-free basalt compositions MAR4 and
OIB4. Bulk compositions of even-numbered runs are in the Fo-
Ab-An plane; odd-numbered runs have excess CaO in the bulk
composition (see text).
(12500C)
run no. 4e 5e
wt% a mole % wt% a mole % wt% a mole %
Sio2 63.33 0.83 66.6 61.25 0.99 64.0 56.46 1.15 58.7
Al2O3 20.55 0.11 12.7 21.71 0.13 13.4 20.67 0.06 12.7
MgO 6.45 0.06 10.1 8.14 0.12 12.7 8.63 0.22 13.4
CaO 4.62 0.11 5.2 5.10 0.07 5.7 8.57 0.08 9.5
Na 20 5.29 0.07 5.4 3.88 0.08 3.9 5.66 0.42 5.7
MnO 0.14 0.1 0.29 0.3 0.11 0.1
total 100.38 Si/O=0.347 100.37 Si/0=0.335 100.10 Si/0=0.319
run no. 6f 7g 9e
wt% a mole % wt% a mole % wt% a mole %
Sio2 54.61 0.19 57.0 53.68 0.41 54.7 48.04 0.48 48.7
Al2O3 23.21 0.09 14.3 20.19 0.08 12.1 18.84 0.22 11.3
MgO 9.96 0.07 15.5 10.03 0.23 15.2 11.59 0.16 17.5
CaO 7.84 0.06 8.8 11.98 0.06 13.1 17.69 0.18 19.2
Na 2 0 4.32 0.18 4.4 4.75 0.05 4.7 3.42 0.08 3.4
MnO 0.20 0.2 0.25 0.2 0.17 0.1
total 100.14 Si/O=0.307 100.88 Si/0=0.306 99.75 Si/0=0.284
run no. MAR4 OIB4
wt% a mole % wt% a mole %
SiO2 53.37 0.64 54.6 51.99 0.24 54.0
TiO2 1.57 0.05 1.2 4.07 0.08 3.2
Al 203 18.15 0.06 10.9 19.54 0.21 12.0
MgO 10.63 0.12 16.2 9.50 0.12 14.7
CaO 12.28 0.08 13.5 9.35 0.06 10.4
Na 20 2.90 0.09 2.9 3.91 0.12 3.9
K 20 0.29 0.01 0.2 1.77 0.05 1.2
MnO 0.27 0.2 0.23 0.2
total 199.46 Si/O=0.307 100.36 Si/O0.300
Table 4a
(13000C)
(continued).
3g, 3h, 3i 4d 5f,5g,5h
wt% a mole % wt% a mole % wt% a mole %
SiO2 63.20 0.54 65.2 61.33 0.29 61.9 56.46 0.06 57.5
Al203 20.11 0.30 12.2 20.62 0.13 12.3 19.20 0.19 11.5
MgO 8.82 0.12 13.6 10.38 0.03 15.6 10.83 0.05 16.4
CaO 4.42 0.03 4.9 4.99 0.08 5.4 7.97 0.04 8.7
Na 20 4.00 0.10 4.0 4.75 0.21 4.7 5.91 0.23 5.8
MnO see table 5 0.19 0.2 see table 5
total 100.55 Si/O=0.344 102.26 Si/0=0.332 100.37 Si/0=0.319
run no. 6e 8e 9j
wt% a mole % wt% a mole % wt% a mole %
Sio2 53.91 0.34 54.6 49.56 0.32 50.5 47.19 0.54 47.9
Al2O3 21.74 0.06 13.0 22.69 0.13 13.6 21.52 0.29 12.9
MgO 12.60 0.10 19.1 13.96 0.15 21.2 13.80 0.24 20.9
CaO 7.82 0.06 8.5 10.53 0.15 11.5 15.20 0.30 16.5
Na 20 4.66 0.19 4.6 2.86 0.03 2.8 1.88 0.12 1.9
MnO 0.23 0.2 0.35 0.3 0.26 0.2
run no.
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99.95 Si/O=0.284 99.85 Si/O=0.275total 100.96 Si/O=0.302
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Table 4a (continued).
(13500C)
run no. lba 2 ba
wt% a mole % wt% a mole % wt% a mole %
SiO2  64.8 66.7 62.8 --- 64.9 59.60 1.77 60.1
Al203 16.5 10.0 17.9 --- 10.9 18.06 0.05 10.7
MgO 8.6 --- 13.2 8.6 --- 13.2 12.13 0.06 18.2
CaO -- -- 1.6 --- 1.8 4.04 0.05 4.4
Na 20 10.1 --- 10.1 9.1 9.1 6.79 0.05 6.6
MnO 0.24 0.2 0.13 0.1 0.13 0.1
total --- Si/00.36 --- Si/O~0.35 100.75 Si/O=0.331
run no. 4b 5d 6c
wt% a mole % wt% a mole % wt% a mole %
SiO 2  58.73 0.40 58.9 54.07 0.99 54.6 53.89 0.94 54.3
Al203 17.20 0.49 10.2 18.16 0.13 10.8 19.06 0.19 11.3
MgO 13.44 0.20 20.0 14.34 0.11 21.6 14.89 0.11 22.4
CaO 4.35 0.02 4.7 7.45 0.17 8.1 7.11 0.05 7.7
Na 20 6.48 0.10 6.3 4.98 0.12 4.9 4.52 0.13 4.4
MnO 0.09 0.1 0.18 0.2 0.22 0.2
total 100.29 Si/0=0.328 99.18 Si/O=0.310 99.69 Si/O=0.306
run no. 7j 8c 91
wt% a mole % wt% a mole % wt% a mole %
SiO 2  50.05 0.48 50.2 49.33 0.46 49.6 45.63 0.16 45.6
Al2 3 20.09 0.10 11.9 20.88 0.46 12.4 20.84 0.11 12.3
MgO 15.27 0.08 22.8 16.87 0.27 25.3 16.82 0.16 25.1
CaO 11.02 0.06 11.8 9.47 0.03 10.2 14.39 0.14 15.4
Na 20 3.42 0.10 3.3 2.55 0.20 2.5 1.71 0.05 1.7
MnO 0.29 0.2 0.31 0.3 0.16 0.1
total 100.14 Si/0=0.288 99.41 Si/O=0.284 99.55 Si/0=0.268
compositions estimated from Fo-Ab-An phase diagram (see text)
99Table 4a (continued).
(13500 C)
run no. 10b,10d,10e
wt% a mole %
Sio2 47.41 0.39 47.2
Al203 21.05 0.10 12.4
MgO 17.41 0.08 25.8
CaO 12.62 0.14 13.5
Na 20 0.90 0.04 0.9
MnO see table 5
total 99.39 Si/0=0.275
(1450 0 C)
run no. la
wt% a mole % wt% a mole % wt% a mole %
SiO2 60.39 1.31 58.6 58.52 0.23 56.4 55.42 0.99 53.6
Al 203 13.45 0.18 7.7 13.34 0.14 7.6 14.08 0.21 8.0
MgO 18.21 0.16 26.3 20.22 0.18 29.0 20.40 0.29 29.4
CaO --- -- -- 1.29 0.02 1.3 3.36 0.03 3.5
Na 20 7.91 0.12 7.4 6.11 0.12 5.7 5.82 0.16 5.5
MnO 0.39 0.3 0.15 0.1 0.29 0.2
total 100.35 Si/0=0.336 99.63 Si/0=0.328 99.37 Si/0=0.316
run no. 4a 5c 6a
wt% a mole % wt% a mole % wt% a mole %
SiO2 55.61 0.46 52.5 52.33 0.74 50.3 52.04 0.16 49.1
Al2O3 14.46 0.03 8.0 14.68 0.24 8.3 16.34 0.08 9.1
MgO 22.00 0.18 31.0 21.55 0.14 30.9 22.95 0.06 32.3
CaO 3.59 0.08 3.6 6.27 0.09 6.5 5.92 0.03 6.0
Na 20 5.30 0.12 4.9 4.34 0.08 4.0 3.86 0.05 3.5
MnO 0.25 0.2 0.19 0.2 0.26 0.2
100.91 Si/0=0.311total 99.36 Si/O=0.301 101.37 Si/O=0.293
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Table 4a
(1450'C)
run no.
(continued).
10a
wt% a mole % wt% a mole % wt% a mole %
SiO2 48.85 0.85 47.2 44.45 0.23 42.9 45.38 0.28 43.3
Al 203 16.55 0.21 9.4 17.73 0.00 10.1 19.93 0.02 11.2
MgO 21.56 0.08 31.0 23.11 0.46 33.2 24.19 0.26 34.4
CaO 9.25 0.09 9.6 12.13 0.14 12.5 10.27 0.05 10.5
Na 20 2.98 0.17 2.8 1.30 0.04 1.2 0.77 0.05 0.7
MnO 0.24 0.2 0.19 0.2 0.13 0.1
total 99.43 Si/0=0.284 98.91 Si/0=0.263 100.67 Si/0=0.261
Table 4b. Analyses (weight % oxides) of forsterite in selected
experimental charges.
run no. 2a 10a 3d 7j 10d 4d 8e 7g
T0 C (1450) (1450) (1350) (1350) (1350) (1300) (1300) (1250)
41.91 41.64 42.24
57.57 57.74 58.50
42.42 42.53 42.61 42.41 42.18
58.18 58.08 58.09 58.07 58.03
0.04 0.36 0.14 0.34 0.34 0.15 0.26 0.40
total 99.52 99.74 100.88 100.94 100.95 100.85 100.73 100.61
cations/4 oxygens
Si 0.988 0.980 0.982 0.986 0.988 0.991 0.987 0.984
Mg 2.022 2.027 2.028 2.017 2.013 2.013 2.016 2.020
Ca 0.000 0.009 0.003 0.008 0.008 0.003 0.006 0.009
3.011 3.016 3.014 3.011 3.009 3.007 3.009 3.013
SiO
2
MgO
CaO
total
101
increased by counting 50 to 200 seconds on each spot. Back-
ground count rates were determined at an offset of 0.2940 20
(LiF analyzing crystal) on either side of the Mn K. peak. By
linear extrapolation of these two values, a background count
rate under the peak was obtained and subtracted from the count
rate on the peak. In a single charge, ten replications of
this procedure were done on forsterite crystals and ten on
glass to obtain a Mn partition coefficient. Calculated correc-
tion factors (Albee and Ray, 1970) for Mn in forsterite and the
glasses analyzed in this study were found to be nearly identical,
so correcting the raw count data was for the most part unneces-
sary. To obtain an absolute amount of Mn in either phase, the
count rate was compared to a Mn-bearing ilmenite standard and
corrected for fluorescence and absorption differences between
standard and unknown.
3. Results
The results of the manganese partitioning experiments are
summarized in Table 5 and Figs. 20-24. The symbol DFo-liq is
Mn
used throughout to refer to a mole per cent partition coeffi-
cient, defined a mole % MnO in Li (Fig. 22 is replotted using
the conventional weight per cent partition coefficient so that
the diagram may be more readily compared with natural system
data).
Variation of DFo-liq with melt composition is obvious for
Mn
all four isothermal series of experiments, but is less prominent
Table 5. Summary of forsterite-liquid partitioning data for Mn.
0-%MnO in forsterite MnO in glass partition coeff
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sodium loss, 7e(Mo) and 4f (Mo)
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at high temperature. For example, at 1450* DFo-lig variesMn
between 0.51 and 0.67 over a composition range of 48.9 to 60.4
wt. % SiO ; at 13500, DFo-lig ranges from 0.62 to 0.90 over2 M
approximately the same SiO2 composition interval. In general,
Mn is more strongly partitioned into olivine at lower tempera-
tures, although the melt composition effect causes considerable
overlap in partition coefficient values for different isothermal
series of experiments. This overlap is emphasized in Fig. 20,
which reveals a general temperature dependence of DFo-liq, but
is useless, for example, as a thermometer calibration plot.
If the assumption is made that Mn partitioning between
olivine and melt can be represented by the exchange reaction
MnOmelt + MgSi0.502 o MnSi 0.502 lii + MgO ,elt (13)
olivine oiieml
an equilibrium constant of the following form may be written:
K [MgO [Tph 0 (13a)[Fo9 ][MnOmeltI
where the bracketed symbols refer to activities (Tph=tephroite).
Because forsterite is nearly pure, [Foi }l; [Tph0  can prob-
ably be approximated as a mole fraction, X ph (if the forster-
ite-tephroite solution is ideal), or as the product of a Henry's
law constant and Xp01 In either case, equation (13a) reduces
XTh*
to:
[Tph]
[MgOmt [Mol = constant (13b)
for any fixed temperature and pressure. Difficulty arises in
+T OC
LO
c1*)
0
LO
0
LO
-0
0
--0.2
- 0.4k
-0.6k
I I I I I II I I
6.2
104/ToK
Figure 20.
ture for all
lnD Fo-li vs. reciprocalMn absolute tempera-
Mn partitioning experiments
0.4
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defining [MgOmelt]I and [MnOmelt ], but as a first approximation
the respective molar oxide concentrations could be used.
Because the ratio [Tpho ]/[MnOmelt] is then essentially a molar
partition coefficient, DFo-liq should vary linearly withMn
[MgO melt]. This plot is attempted in Fig. 21, which shows a
good, nearly linear correlation between DFo-liq and the recip-
rocal of the molar MgO concentration in the melt. However, the
plot does not succeed in removing the overlap of DFo-lig valuesMn
for the different isothermal series of experiments. For
practical purposes, only one line or curve is defined by the
diagram, when in fact, since K should vary with temperature,
four lines of different slope representing the four isotherms
should be revealed. There are two possible reasons for the
failure of this plot to produce the desired (and expected)
results: 1) K is not sufficiently temperature-dependent that
Fig. 21 is sensitive to changes in its value; and 2) the
activities of MgO and MnO in the melt are not well approximated
by their mole fractions. In view of the data of Leeman (1974),
which shows more than a factor of two change in DoMn fo
basaltic compositions over the temperature interval 1250-14500 C,
the first of the above possibilities does not seem likely.
Thus, a better representation of oxide activities in the
silicate melt is probably required.
The method of Drake (1972) for estimating oxide activities
IIII I I I
-1.4
-1.2
o 1450 0 C
o 1350
A 1300
0 1250
A
-1.0
-0.8
00
-0.6
I I - I II
0.02 0.04 0.06 0.08 0.10
[MgO]~
Figure 21. D F vs.Mn reciprocal molar MgO concentra-
tion in the melt (see text for explanation)
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in the melt was used to calculate K values from equation (13a)5
for forsterite-liquid pairs examined in this study. The results
are presented in Fig. 22, which shows a good general dependence
of K upon temperature, but again the range of K values at any
one temperature is quite large relative to the total variation.
The limited success of the thermodynamic models described
above led me to consider an alternative approach to the problem
of melt-composition dependence of manganese partitioning. As
suggested in Part I of this thesis, the relative compatibility
of trace cations in melts of different bulk composition is influ-
enced by the inherent structural differences between the melts.
It might therefore be possible to correlate observed changes in
partitioning behavior with variation in some compositional param-
eter that represents the average structural characteristics of
the melt. This approach is broadly analogous to that of Pearce
(1964) and Mysen et al. (1976), who correlated the solubility of
CO2 in silicate melts with melt basicity (defined as
Z basic oxides ). Similarly, Morris and Haskin (1974) were able
Z acidic oxides
to correlate changes in the redox equilibrium of Eu in silicate
melts with the (silicon+aluminum):oxygen ratio of the melts.
Unsuccessful attempts were made to correlate DFoliq with
melt basicity and with (Si + Al)/O. In these attempts, as in
Fig. 21, fairly good overall correlations between the composi-
tion parameters and DFo-lig resulted; however, temperature and
melt composition effects on DFo-liq were not resolved.
5 Note that Drake's (1972) method, described briefly on p.23
of this thesis, gives the same KD values for equation (13a)
as those obtained assuming that the activities of MgO and
MnO are equal to their molar oxide concentrations.
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Figure 22. lnK vs. reciprocal absolute temperature for all
Mn partitioning experiments. K is the equilibrium constant
for reaction (13) (see text), calculated using the method
of Drake (1972) to approximate oxide activities in the melt
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In Fig. 23, the manganese partitioning data are plotted
against the silicon: oxygen atomic ratio of the melts. In this
diagram, four constant-temperature trends are readily distin-
guished. Thus, the plot separates the dependence of DFo-liq
on melt composition from that on temperature. It should be
noted that a variety of liquid compositions is represented on
this diagram: the solid symbols are SiO 2-Al 203-MgO-CaO-Na2 0
melts, some of which are in the Fo-Ab-An plane; and the "B's"
are synthetic iron-free basaltic compositions (see Table 4).
The total range of SiO 2 content of the glasses is 44.5 to 65.0
wt. %. The silicon:oxygen atomic ratio thus appears to be a
general and dominating influence on the compatibility of trace
or minor amounts of Mn in silicate melts.
Figure 23 can be replotted to show the temperature-
dependence of D Fo-lig for constant values of Si:0 in the melt.Mn
Fo-liq
In general, a log-linear relation between DF and reciprocal
absolute temperature should be expected, and is certainly
apparent in Fig. 24, although the plot systematically changes
slope for different values of Si:0.
4. Discussion
Implications for silicate melt structure.
The success of a melt composition parameter such as Si:0
in explaining solid-liquid partitioning data implies that this
ratio has significance to the structure of silicate melts. In
some way, the Si:0 ratio probably reflects the extent of melt
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Figure 23 (A and B). DFo-liq vs. the Si/OMn ratio of the melt
for runs made at 1450 and 1350 0 C, respectively. Error bars
are ±2 standard errors of the mean; curves are visually fit
to the data
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Figure 23 (C and D). DFo-liq vs. the Si/O ratio of the meltDMn
for runs made at 1300 and 1250 0 C, respectively. Error bars
are ±2 standard errors of the mean; curves are visually fit
to the data
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Figure 23 (E). Composite diagram of curves from Figs.
23 (D)
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polymerization, as suggested by the similarity in general shape
of the curves in Fig. 23 to the proposed melt polymerization
curve of Toop and Samis (1962a; see Fig. 26). In the following
paragraphs, some simple theoretical considerations on the struc-
ture of silicate melts are invoked to support the validity of
the Si:O ratio as a general structural parameter.
Pure molten SiO 2 , which has a Si:O value of 0.5, is a
completely polymerized, 3-dimensional network of silicate tetra-
hedra (Mozzi and Warren, 1969). Complete polymerization is in
fact dictated by the Si:O stoichiometry and the requirement
that each silicon be surrounded by four oxygens. All oxygens
are therefore bridging oxygens, bonded to two. silicon atoms.
If a metal oxide is dissolved in pure molten silica, the total
Si:O value of the melt falls below 0.5, and complete polymeriza-
tion is no longer required to maintain the 4-fold coordination
of each silicon by oxygen. In this manner, nonbridging oxygen
ions are created in the melt as an oxide is added to pure SiO 2 '
The number of nonbridging oxygens created does not depend upon
the identity of the oxide, but only upon the number of oxygen
ions introduced into the melt. This conclusion is supported
by the infrared reflectance spectra of binary silicate glasses,
which have absorption features attributable to nonbridging
oxygen ions that are remarkably similar for alkali and alkaline
earth silicate glasses of the same Si:O atomic ratio (Simon,
1960). Thus, at least for binary MO-SiO2 or M2 O-SiO2 liquids,
the proportion of nonbridging to total oxygen ions appears to
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be largely determined by the Si:O ratio.
If the Si:O ratio of a melt provides a general measure
of the proportion of nonbridging oxygen ions, then the observed
correlation between DFo-liq and Si:O can be rationalized.
Levin and Block (1957) pointed out that for silicate melts,
as for complex ionic crystals, Pauling's rules for structural
stability are probably applicable. The first of Pauling's
rules states (in part) that each cation is surrounded by anions
that form a coordinated polyhedron. Manganese ions in a
silicate melt are thus coordinated by oxygen anions. More
important, however, is the fact that the coordinated oxygen
ions cannot be "saturated" or bonded to two silicons - they
must be nonbridging or free oxygen anions. The stability or
energy state of Mn + ions in a melt is therefore influenced by
the availability of nonbridging oxygen ions to form coordination
polyhedra. Hence, because melts of lower Si:O have more non-
bridging oxygens, Mn2+ is more stable in basic melts. This
greater stability (lower chemical potential) is evidenced by
lower DFo-liq values for forsterite coexisting with basic melt.Mn
The relative difference in energy states of Mn ions in
melts of different Si:O can be quantified using information
contained in Fig. 24. Because Mn is present at Henry's law
concentration in both forsterite and liquid, a relation of the
following form describes the temperature dependence of DFo-liq
ln D Fo-liq __AGO /RT + constant (14)Mn
which can be rewritten
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Fo-liq AH* AS4 constant (14a)
lnDMn RT R
In these equations, AG*, AH*, and AS* refer to molar energy
changes associated with the transfer of Mn from liquid to
forsterite when Mn is in its standard state in both phases.
Because the standard states are undefined, the energy quantities
have no specific meaning, but they can be used for comparative
purposes. From equation (14a) it is clear that the slopes of
the lines in Fig. 24 are equal to -AH*/R for Mn partitioning
between forsterite and melts of various Si:O ratios. Calculated
values for AH* (Fig. 24) show that the transfer of Mn from
liquid to forsterite is 4.2 kcal/mole more exothermic for
acidic melts (Si:0 = 0.35) than for basic melts (Si:O = 0.29).
A higher energy state for Mn ions in acidic melts is thus
indicated.
An interesting feature of Fig. 23(e) is that for melt Si:0
values below about 0.28, DFo-liq is independent of melt composi-
2+
tion. Apparently, Mn + ions are equally compatible in all very
basic melts. It is therefore likely that the 0.28 Si:0 ratio
has some structural significance for silicate liquids, perhaps
indicating the composition at which polymeric units become
completely dissociated (when bridging oxygens are essentially
absent). According to Huggins et al. (1943), the specific
silicate anionic species in a simple glass can be predicted from
the Si:O ratio. The predictions of this model, summarized in
Table 6, indicate that isolated silicate tetrahedra begin to
0.4
TC
0.2
0- U6 C
0
-7
-0.2
-0.4
- 0.6-
I I I I I I I I
5.8
Figure 24.
6.0 6.2
104/T*K
64
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6.6
lnD F q vs. reciprocal absolute temperature forMn
melts of constant Si/O. The crosses are not error bars, but
represent the intersection of vertical, constant-Si/O lines
with the isothermal curves in Fig. 23(E)
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Table 6. Anionic structures present in simple silicate glasses
of varying Sio2 concentration (and Si/0), according to Huggins,
et.al.(1943).
0.250
0.250-0.286
0.286
0.286-0.333
0.333
0.333-0.400
0.400
0.400-0.500
4-
single SiO tetrahedra4
SiO4  and Si06-4 i2 O7
Si6-
207
longer chains and rings
rings and/or infinitely long
chains
chains and sheets with or with-
out rings
infinite 2-dimensional sheets
sheets and 3-dimensional network
3-dimensional network
33
33-40
40
40-50
50
50-66
66-100
0.500100
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appear in melts having Si:O values less than 0.286 - almost
exactly the composition at which DFo-liq ceases to vary with
Si:0.
The above coincidence suggests a thermodynamic formalism
that may represent the partitioning of Mn between forsterite and
melt more accurately than previous treatments. Electrical con-
ductivity measurements have established the strongly ionic
nature of silicate liquids (Bockris et al., 1948). It is
therefore reasonable to write a reaction like
2Mn2+ + SiO 4 Mn Sio (15)(melt) 4 2Si 4  (15)4 (melt) olivine
to describe Mn partitioning between olivine and melt. This
reaction has an equilibrium constant
[Mn 2SiO 42
K [livine (15a)
eq [Mn 2+ 12 [SiO 4~]
melt 4 melt
where the bracketed symbols represent activities. In this
representation, the Mn partition coefficient is a function of
4-
the activity of a specific silicate anion (SiO4 ) in the melt.
4-
The activity of SiO is, as usual, difficult to express. How-4
ever, if the model of Huggins et al. (1943) is correct in
4-
predicting the proliferation of individual SiO units at Si:O4
values less than 0.286, the Temkin (1945) ionic fraction con-
4-
cept might be called upon. In very basic melts, where SiOG is4
the dominant anionic species, Temkin's anionic fraction or
4-
activity of SiO will be close to 1. Unless the Si:O ratio4
exceeds %,0.28 and more complex anions begin to form in signifi-
Wift W. M. " NMWMP l
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4-
cant amounts, [SiO4 ] will be essentially independent of melt
composition. Thus, it seems reasonable that in very basic
melts D Fo-liq should also be independent of melt composition,Mn
as observed in Fig. 23(e).
Geochemical implications.
Melt composition effects in natural systems. The experimental
data obtained in this study firmly establish the importance of
melt compositional variation to the partitioning of trace
elements between olivine and liquid in a magma. From Fig. 23
(e and f), it is obvious that melt composition effects increase
in significance with decreasing basicity of the melt. In ultra-
basic magmas, for example, melt composition has no influence
on olivine-liquid partitioning. In basaltic magmas, which
have Si:O values ranging between %0.290 and 0.315, chemical
composition has a minor effect on the compatibility of trace
elements in the melt. For andesitic (Si:O 0.32-0.35) and
more siliceous magmas, melt composition becomes extremely
important. It should of course be noted that the temperature
range covered by the experiments in this study is for the most
part above normal magmatic temperatures. However, if the data
are extrapolated to lower temperatures, the influence of melt
composition on DFo-lig appears only to increase.
Other transition elements. In the experiments described in
Part I of this thesis, I found that three transition elements -
Mn, Ti, and Cr - were identically partitioned between immiscible
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acidic and basic melts at 11801C (all three elements were en-
riched in the basic melt by a factor of 3 to 1; see Fig. 11).
I would therefore predict that the partition coefficients for
Cr and Ti between forsterite and melt would show the same
dependence on melt composition as DFo-liq. The absolute valuesMn
of D Fo-li, DFo-liq , and DFo-liq would certainly differ, but
Cr Ti Mn
the observed factor-of-two change in DFo-liq along the 13500Mn
isotherm in Fig. 23(e) would also occur for DFo-liq and DF-li
Hart et al. (unpublished data) have in fact verified this two-
fold change in the partitioning of nickel for the same forster-.
ite-liquid pairs that define the 13500 isotherm in Fig. 23(e).
Geothermometry. I specifically omitted iron from the bulk
compositions used in this study because I wished to maintain a
constant olivine composition over a range of temperature and
melt composition. The absence of iron from charges invalidates
immediate application of Fig. 24 as a geothermometer for olivine-
bearing volcanic rocks; the effect of iron on manganese parti-
tioning between olivine and melt has not been evaluated. How-
ever, some insight into the applicability of my data to natural
systems can be gained by comparing my results with those of
other workers on iron-bearing natural and synthetic composi-
tions.
Duke (1976) measured six values for Do ver the tem-
perature range 1125-1250*C. His liquid compositions range in
molar MgO/(MgO + FeO) from 0.895 to 0.338, and his olivines
from Fo95 .4 to Fo 61 .0 (Table 7a). In Fig. 25(a), Duke's data
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are compared with constant-Si/O, ln D vs. l/T lines from Fig.
24. His partition coefficients are somewhat lower than would
be predicted from my iron-free temperature calibration, but the
slope of the plot is similar. There does not appear to be a
systematic effect on Dol-li caused by the decrease in MgO/
(MgO + FeO) with decreasing temperature. If used directly as
a geothermometer for natural systems, my ln D vs. l/T calibra-
tion would give temperatures about 50*C higher than Duke's
calibration.
In Fig. 25 (b), the manganese partitioning data of Leeman
(1974) are compared with those obtained in the present study.
Leeman's glass compositions have molar MgO/(MgO + total Fe as
FeO) values ranging from 0.804 to 0.284; these glasses coexist
with olivines ranging from Fo96.7 to Fo50.2 (Table 7b). The
slope of the line defined by Leeman's data points is consider-
ably steeper than that of the present study and that of Duke
(1976). This steeper slope cannot be completely accounted for
by the changing Si/O ratios of the glasses, which fall in a
fairly narrow range between 0.288 and 0.321 (Table 7b). The
most likely explanation for the discrepancy between my data and
Leeman's is that the different slopes are due simply to a
difference in thermodynamics between iron-bearing and iron-free
systems. A better assessment of this possibility could be made
if Duke's data covered a larger temperature range. In terms of
slope on a ln D vs. l/T plot, Duke's data are more in accord
with mine than with Leeman's. Another factor which may be of
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Figure 25(a). Comparison of manganese partitioning data (mole
ratio) for iron-bearing compositions (Duke, 1976) with iron-
free system data obtained in this study. Constant Si/O lines
are from Fig. 24, extended to lower temperature. All six of
Duke's liquid compositions have Si/O values between 0.312
and 0.317 (Table 7a), so his data points ideally should plot
in the crosshatched area of the diagram. Error bars are +2
sigma; dotted line is a least-squares fit to Duke's six data
points.
(b) Manganese partitioning data of Leeman (1974) com-
pared with the present study. Leeman's data (solid circles)
represent glasses having a wide range of Mg/Fe ratios, but
the Si/O values are confined to a fairly narrow range (0.288
to 0.321; see Table 7b). Dashed constant-Si/O lines (0.29 and
0.32) from Fig. 24 are drawn in for reference. Open triangles
are Duke's (1976) data points, which define the dotted line.
Solid line is a least-squares fit to Leeman's data; error bars
are +2 sigma. See text for discussion
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Table 7(a). Summary of coexisting glass and olivine compositions and Mn partitioning
data for iron-bearing charges of Duke (1976)
Run no. 97 100 95 103 101 105
T0 C 1250 1225 1200 1175 1150 1125
log f0 2  -9.7 -10.0 -10.3 -10.8 -11.0 -11.4
Liquid Compositions
wt% mole % wt% mole % wt% mole % wt% mole % wt% mole % wt% mole %
SiO 2  54.1 54.0 52.5 53.2 52.6 54.4 51.6 53.7 51.3 53.4 50.7 53.6
Al203 14.1 8.3 14.8 8.8 16.1 9.8 13.1 8.0 12.5 7.7 13.2 8.2
FeOa 2.4 2.0 3.7 3.1 5.6 4.8 12.0 10.5 16.4 14.3 17.1 15.1
MgO 11.4 17.0 10.5 15.9 8.0 12.3 7.1 11.0 6.2 9.6 4.9 7.7
CaO 15.1 16.1 14.1 15.3 12.6 14.0 12.3 13.7 11.2 12.5 10.6 12.0
Na 2 0 2.7 2.6 3.6 3.5 4.6 4.6 2.9 2.9 2.5 2.5 3.2 3.3
total 99.8 99.2 99.5 99.0 100.1 99.7
Si/O 0.316 0.312 0.313 0.317 0.316 0.315
Olivine Compositions
mole % Fo95 .4 Fo93.8 Fo90.7 Fo80. 2 Fo 67.8 Fo61.0
Mn
(± 2a)
0.787± .05 0.960± .06 0.946 ±.02 0.937± .06 1. 237± . 12 1. 264± . 14
a all Fe as FeO
b mole ratio = (mole% MnO in olivine)/(mole% MnO in glass)
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Table 7 (b). Summary of coexisting glass and olivine compos-
itions and Mn partitioning data for iron-bearing charges of
Leeman (1974)
run no. Tl T3 T4
T 0C 1184 1300 1352
log f02 ~7-1 ~1.6 -1.1
GLASS ANALYSES
wt% mole% wt% mole% wt% mole%
SiO2 48.39 52.49 46.28 50.79 45.62 49.33
TiO2 3.08 2.51 1.01 0.83 0.98 0.80
Al2O3 15.20 9.72 10.53 6.81 9.88 6.30
Fe203 3.31 1.35 11.41 4.71 10.75 4.37
FeO 8.62 7.82 2.61 2.39 2.47 2.23
MgO 7.18 11.61 12.95 21.18 15.65 25.22
CaO 9.82 11.41 9.60 11.29 8.81 10.21
Na 20 2.49 2.62 1.51 1.61 1.18 1.23
K 20 0.55 0.38 0.33 0.23 0.24 0.17
MnO 0.10 0.09 0.16 0.15 0.15 0.14
total 98.74 96.39 95.73
Si/O 0.296 0.291 0.288
**
OLIVINE ANALYSES
Sio2 39.32 33.51 42.19 33.53 41.98 33.65
MgO 41.27 52.41 54.17 64.17 53.68 64.13
FeO 19.60 13.97 3.33 2.21 3.22 2.16
MnO 0.16 0.12 0.14 0.09 0.11 0.07
total 100.35 99.83 98.99
Dol-liq
Mn
(molar)
1.29+.07 0.62+.01 0.52+.02
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Table 7 (b). (continued)
run no. T5 T8 T9 T10
T 0 C 1248 1125 1151 1378
log f0 2  -6.3 -7.9 -7.5 -4.8
GLASS ANALYSES*
wt% mole% wt% mole% wt% mole% wt% mole%
SiO2 48.72 52.43 50.48 56.81 47.62 52.63 46.97 47.61
TiO2 1.85 1.50 3.93 3.33 3.72 3.09 2.03 1.55
Al 2 03 12.41 7.87 11.49 7.62 12.75 8.30 10.01 5.98
Fe203 3.24 1.31 3.29 1.39 4.18 1.74 3.95 1.50
FeO 8.09 7.28 8.21 7.73 10.87 10.05 8.80 7.46
MgO 9.01 14.45 4.43 7.43 5.82 9.59 16.38 24.75
CaO 11.08 12.78 8.95 10.79 9.27 10.98 8.99 9.76
Na 2 O 1.84 1.92 2.46 2.68 2.66 2.85 1.14 1.12
K 20 0.48 0.33 1.28 0.92 0.93 0.66 0.27 0.18
MnO 0.14 0.13 0.11 0.10 0.12 0.11 0.10 0.09
total 96.88 95.96 97.94 98.64
Si/O 0.304 0.321 0.299 0.290
**
OLIVINE ANALYSES
SiO 40.01 33.74 36.56 33.29 38.48 33.45 40.06 33.29
MgO 45.34 56.99 32.52 44.09 38.33 49.66 47.44 58.75
FeO 12.97 9.15 22.46 17.10 23.02 16.73 8.25 5.72
MnO 0.17 0.12 0.24 0.18 0.20 0.15 0.05 0.04
total 98.49 99.03 100.03 99.10
D ol-li 0.93+.04
(molar)
1.74+.02 1.32+.05 0.43+.01
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Table 7(b). (continued)
run no. Tll Tl2 Tl5 T17
T 0C 1275 1350 1071 1300
log fO2 -5.9 -7.2 -8.8 -5.8
*
GLASS ANALYSES
wt% mole% wt% mole% wt% mole% wt% mole%
SiO2 48.66 50.90 49.74 49.72 48.75 54.70 49.15 50.81
TiO2 2.50 1.97 2.31 1.74 3.65 3.08 2.45 1.91
Al2O3 11.43 7.04 10.42 6.14 12.23 8.08 11.88 7.24
Fe2O3 3.63 1.43 1.16 0.44 4.04 1.71 2.91 1.13
FeO 8.50 7.43 8.81 7.36 12.09 11.35 7.47 6.46
MgO 10.76 16.77 15.71 23.40 3.06 5.12 11.81 18.20
CaO 10.96 12.28 10.07 10.79 8.72 10.48 10.62 11.76
Na 20 1.80 1.82 0.59 0.57 3.18 3.46 2.07 2.07
K2 0 0.42 0.28 0.14 0.09 2.47 1.77 0.50 0.33
MnO 0.08 0.07 0.07 0.06 0.28 0.27 0.11 0.10
total 98.74 99.02 98.47 98.97
Si/O 0.300 0.301 0.308 0.300
**
OLIVINE ANALYSES
SiO 2 40.18 33.34 40.65 33.25 35.13 33.28 40.67 33.54
MgO 47.08 58.23 49.16 59.93 23.49 33.17 47.86 58.83
FeO 12.07 8.38 9.93 6.79 41.55 32.92 10.97 7.57
MnO 0.07 0.05 0.04 0.03 0.78 0.62 0.09 0.06
total 99.40 99.78 100.95 99.59
Do -liq 0.72+.10DMn 0.50+.04 2.35+.08 0.65+.07
*
all glasses contain less than 0.1% NiO+CoO, except T8,
which contains 1.33% CoO
**
all olivines contain less than 1.5% CaO+NiO+CoO, except
T8 (7.25% CoO) and T10 (3.30% NiO)
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Table 8. Comparison of temperatures obtained from the cal-
ibration lines of Duke (1976), Leeman (1974), and this study
over a reasonable range of basalt liquidus temperatures. The
Si/O = 0.30 line from my calibration was used
lnD-liq T CMn
(mole ratio) Duke Leeman Watson
-0.2 1242 1244 1287
-0.1 1215 1235 1253
0.0 1186 1214 1219
0.1 1158 1197 1187
0.2 1131 1180 1158
0.3 1107 1162 1130
0.4 1083 1145 1100
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importance is that some of Leeman's glass analyses are not
particularly good, often totalling only about 96%. This low
total is probably not due to a uniform analytical problem with
all elements, but to inaccurate values for one or two elements;
this inaccuracy could have an appreciable effect on calculated
composition parameters such as Si/O.
For temperature measurement applications, the overall
agreement among the data of Duke (1976), Leeman (1974), and
this study is fairly good: in the temperature range \,1100-
1250*C (a reasonable range of basaltic rock liquidus tempera-
tures), the three calibrations give the same results within
%50* (see Table 8); furthermore, temperatures obtained from my
calibration line fall in between those of Duke and Leeman over
the temperature range %1100-1200*C.
5. Concluding Remarks
In this work, I have taken a strictly empirical approach
to the problem of melt composition dependence of crystal-liquid
partition coefficients. I propose the use of the silicon:
oxygen atomic ratio as a general liquid structure parameter
primarily because it satisfies the experimental data, although
simple melt structure considerations do lend support to its
validity. It should be noted that the use of the Si:O ratio
to predict average anionic species in glasses (Huggins et al.,
1943) is by no means universally accepted. Mackenzie (1960),
for example, feels that this model is unacceptable because it
does not account for discontinuous physical-property changes
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that occur in silicate melts as metal oxide is added to molten
SiO The model of Huggins et al. is not entirely consistent
with that of Toop and Samis (1962a), either. However, in deal-
ing with the compatibility of trace elements in a melt, the
proportion of nonbridging to total oxygen ions might well be
the most important consideration. The Si:O ratio may determine
this proportion independently of the actual silicate anions
that form. For example, the proportion of nonbridging oxygens
(and the Si:O ratio) could be the same for a melt containing a
50/50 mix of long and short polymeric chains as for a melt
containing all medium-length chains. Although the average chain
length for the two melts might be identical, their physical
properties would undoubtedly differ. The equivalent availabil-
ity of nonbridging oxygens in the two melts would make dissolved
Mn 2+ ions equally compatible.
Because natural melts (and the melts examined in this study)
contain large amounts of Al203, the effect of this oxide on the
production of nonbridging oxygens should be considered briefly.
Aluminum is generally regarded as a network-forming cation (e.g.
Flood and Knapp, 1968; Bottinga and Weill, 1972) because it
can assume tetrahedral coordination and polymerize with
silicate tetrahedra (Day and Rindone, 1962b). In complex melts,
therefore, the presence of Al 203 might be expected to result in
fewer nonbridging oxygens, as depicted schematically by Sigel
(1971, see Fig. 4). However, because each A104 unit in a
polymer chain has an excess -l charge, one of the oxygens in
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the unit is still available for coordination by another cation.
Consequently, in terms of compatibility of trace cations, the
effect of adding Al203 to a silicate melt may be similar to
that of adding a network-modifying oxide that produces non-
bridging oxygens. Hence, the generality of the simple Si:O
ratio as an "oxygen availability" indicator is not destroyed
by the presence of Al2 03
In natural melts, H2 0 and CO2 can be significant constitu-
ents, especially if considered on a mole per cent basis. The
effect of these components on crystal-liquid partition coeffici-
ents is unknown, but if their dissolution mechanisms produce
nonbridging oxygens (see Uys and King, 1963; Mysen et al., 1976
for discussion), it is possible that the applicability of the
Si:O ratio can be extended to hydrous, CO2-bearing melts.
In any case, the empirical use of the Si:O ratio to elim-
inate melt composition dependence in the partitioning of
manganese between olivine and volatile-free melt seems more
satisfactory than previous equilibrium constant approaches.
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SUMMARY AND SYNTHESIS, WITH SOME SPECULATIONS
This final section summarizes the most important results
and implications of the experimental data presented in the
preceding sections of this thesis. Where relevant, I will
briefly discuss how my work has augmented existing know-
ledge, and where, specifically, it supports or discredits
previous theories or models. Although this section is sub-
divided into separate headings "melt structure" and "geo-
chemistry," it should be noted that this distinction of top-
ics is somewhat artificial, because geochemically significant
effects are ultimately caused by melt structural influences.
1. Melt Structure
The results of experiments on the distribution of trace
elements between coexisting acidic and basic melts lead to
the following conclusions about the relative short-range
structural characteristics of complex silicate liquids:
1)basic liquids have more sites suitable for trace cations
whose oxygen coordination number in minerals is typically
six or less; and 2) acidic melts have sites that can accom-
odate large monovalent cations well, and large divalent cat-
ions to some degree. The first conclusion is entirely com-
patible with melt structure models that predict a lesser de-
gree of polymerization (hence more nonbridging oxygens) in
basic melts (e.g. Toop and Samis, 1962a,b). Conclusion (2)
above is consistnet with the observation of Eisenman (1962)
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that glasses containing aluminum show a greater preference
for large cations than do aluminum-free melts. Doremus (1973,
Chap. 3) also pointed out that alkali ions in particular
appear to be bonded to single nonbridging oxygens in glasses;
thus, a large number of nonbridging oxygens is not required
to coordinate each large alkali cation in an acidic melt.
The structural position occupied by a cation in a sil-
icate liquid appears to be largely influenced by its ionic
radius. This conclusion is suggested by the similarity in
4+ 2+
two-liquid partitioning of Zr and Mg , for example, which
are identical in size. The rare earth elements probably all
occupy the same type of site in silicate melts, because the
3+ 3+ 3+ . ..
partitioning behavior of La , Sm , and Lu is similar.
This site is almost certainly different from that of the
3+.
much smaller Al ion.
Like the rare earth elements, the transition elements
examined in the two-liquid partitioning study (Ti, Cr, Mn)
probably all assume the same structural position in melts
(at least at trace element levels), because the distribution
of these three elements between acidic and basic melts is
nearly identical at low concentration.
Partitioning data for Mn between pure forsterite and a
range of silicate melt compositions give some insight into
the long-range or overall polymeric characteristics of the
melts. In a qualitative way, the curves in Fig. 23(e) rep-
resent relative polymerization states of the various melts
studied [compare Fig. 23(e) with Fig. 261. Melts having Si/O
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Figure 26. Plot of the proportion of singly bonded oxygen
atoms (0) in any silicate anion vs. the number of silicon
atoms per ion. The mole fraction of SiO2 (NSiO) in a binary
silicate melt is indicated on the lower scales for K = 0.005
and 0.06 (from Toop and Samis, 1962a; see text). Note that
polymerization curve is similar in overall shape to curves
of Fig. 23
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values less than about 0.28 are depolymerized to the extent
that isolated silicate tetrahedra (SiO4 ) are the predom-
inant anionic species. This conclusion is strongly suggested
by the lack of dependence of DFo-liq on melt composition forMn
melts with Si/O < 0.28, and is predicted by the simple melt
structure model of Huggins, et al. (1943). The generality of
the Si/O ratio as a melt structure parameter is supported
by the fact that numerous melt compositions are represented
by the curves in Fig. 23 (see Table 4), and also by the com-
patibility of two-liquid partitioning data for Mn (K2 0-Al20 3-
FeO-SiO 2 system) with those obtained on forsterite-liquid
pairs (Fig. 27).
The experimental results reported in this thesis add
little- to the almost non-existent knowledge on temperature
dependence of melt structure. However, because all four iso-
thermal curves in Fig. 23 appear to flatten out at an Si/O
value of %0.28, it seems likely that the critical compos-
ition for complete breakdown of silicate polymers is rela-
tively insensitive to temperature (at least in the tempera-
ture range 1250-1450 0C).
The overall picture of silicate melt structure, as de-
duced from the experiments teported in this thesis, is quite
contradictory to the Bernal liquid model (see p.23 ), which
indirectly predicts an identical distribution of site types
in all silicate liquids. My results clearly show that, except
in very basic melts, the compatibility of a trace or minor
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Figure 27. Specula-
tive diagram showing
consistency of two-
5.0 - liquid partitioning
A:;
data for Mn (part I
of this thesis) with
4.0- Fo-liquid partition-
ing data (part II).
s Solid curves are ta-
3.0- c ken from Fig. 23(E);
LLh dashed curves are ex-
trapolated from the
2.0 solid curves, and rep-
resent 12000 and 11500
isotherms; dotted
1.0 - - curve is the specu-
lated 11800 isotherm.
Since liquid B has an
0.25 0.30 0.350 'Si/O value of 0.348,0.25 0.30 0.35 0.40
the hypothetical
forsterite/liquid B
partition coefficient at 11800 is 1.7 (point "B"). DB/A for
Mn at 11800 is %3.0 (see part I of this thesis) , so the point
labelled "A" can be fixed on this diagram. The fact that the
11800 isotherm can be extended as a smooth curve through "A"
suggests that the Si/O parameter is quite general as a rela-
tive measure of the compatibility of Mn in a silicate melt.
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cation is a function of melt composition (as measured by the
Si/O ratio). This dependence of cation compatibility on melt
composition means one of two things: either the actual dis-
tribution of site types varies with Si/O, or the energy states
of cations in the sites depend upon Si/O. Distinguishing
between these two alternatives seems neither possible nor
necessary at the present time.
2. Geochemistry
The experiments described in this thesis lead to the geo-
chemically important conclusion that crystal-liquid partition-
ing of trace elements is influenced by bulk melt composition.
This dependence is not related in a simple way to the concen-
tration of a major "carrier" element in the melt. The two-
liquid experiments suggest in particular that the distri-
bution of small multivalent cations between crystals and melt
is very sensitive to changes in melt composition. Phosphorus,
for example, is enriched by a factor of %l0 in basic relative
to acidic liquid, indicating extreme incompatibility of this
element in acidic melts. As a magma fractionates toward more
acidic compositions, phosphorus will show a progressively
stronger tendency to enter crystalline phases. The high phos-
phorus content (up to 0.6 wt% P2 05 ) of garnets coexisting
with intermediate magmatic liquid (A.J. Irving, personal com-
munication) can be explained by this melt-incompatibility
effect.
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Crystal-liquid partitioning of rare earth elements, as
well as the first series transition elements, will change
markedly with bulk melt composition, although the variation
should be less pronounced than in the case of phosphorus.
It also seems safe to conclude that crystal-liquid partition
coefficients for all rare earth elements (except divalent Eu)
will shift in parallel fashion as bulk melt composition varies.
This conclusion also applies to the first series transition
elements if the behavior of Cr, Ti, and Mn can be taken as
representative of the entire series.
The results of experiments on manganese partitioning
between forsterite and melt confirm the conclusion from the
two-liquid experiments that Mn + is more compatible in basic
than in acidic liquid. Furthermore, the rapid (exponential)
increase of DFo-liq with Si/O shows that the influence ofMn
melt composition on trace element partitioning in magmas be-
comes progressively stronger in fractionating from basic to
intermediate and acidic melts. For melts more basic than typ-
ical basalt (i.e. Si/O < 0.29), the effect of melt composition
on trace element partitioning (at least between olivine and
melt) is negligible.
From the two-liquid partitioning data discussed in part I
of this thesis, it appears that most elements behave as ideal
dilute solutes in silicate melts up to levels well above those
generally regarded as "trace" concentrations on rocks. This
conclusion is in accord with the data of Leeman (1974), who
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found that partition coefficients for Mn, Co, and Ni between
olivine and basaltic melt are independent of concentration
up to levels of several weight per cent. Drake's (1972) data
on the concentration dependence of Sm, Ba, and Sr partition-
ing between plagioclase and melt are also consistent with
Henry's law behavior of these elements in the melt to quite
high concentration (%5, 3, and 3 wt%, respectively).
3. Future Work
Two geochemically important questions related to the
general topic of this thesis are left unanswered: 1) can
the Si/O ratio be used quantitatively to describe melt com-
position dependence of trace element partitioning between
any crystalline phase and silicate liquid, or does it work
well only for olivine-liquid equilibria?; and 2) what effect
does dissolved water or carbon dioxide in the melt have
upon solid-liquid partitioning? These questions can only be
answered by further systematic experimentation, but some in-
telligent speculation is possible at the present time.
1) In part II of this thesis, I proposed a formalism
that I feel best represents the actual chemistry of Mn par-
titioning between olivine and silicate melt:
2+ 4
2Mn 2+ + SiO 4- Mn SiO
melt 4 melt 2 4 olivine
[Mn SiO ]
with K = 2 4 olivine
eq [Mn 2+2 [SiO
melt 4 melt
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Fo-liq
If this representation is valid, it is clear that DMn
4-
depends on the activity of a specific silicate anion (SiO4 )
in the melt. The Si/O ratio, as a measure of the proportion
of nonbridging oxygens, probably takes account of changes
in [SiO 4~ , and is therefore successful as an empirical4 melt
"correction factor" for the variation in DFoliq with melt
composition. Olivine, however, is a chemically simple miner-
al -- for other minerals, the ionic reaction describing Mn
partitioning will involve more species. The partitioning of
Mn between diopside and melt, for example, could be repre-
sented by:
Ca 2+ + Mn 2+ + (Si 0 )t CaMnSi 0 + 02
melt melt 2lt * 6 diopside melt '
in which case DDi-lig depends not only upon the activity ofMn
2+ 2- .
a different silicate anion, but also upon Ca and 0 activ-
ities in the melt. Thus, from a thermodynamic viewpoint, it
does not appear likely that Mn distribution between diopside
and melt would vary in a manner parallel to variation in
D-Mn . In short, the Si/O ratio probably cannot account for
simultaneous variation in the activities of several cationic
and anionic species. Further experimental work is required
to refute or support this suggestion.
2) The effect of dissolved volatiles on crystal-liquid
partition coefficients depends upon the specific solution
mechanisms that are operative. If, for example, water dissolves
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by a depolymerization process that creates nonbridging oxy-
gen ions (reaction [9], p. 4 2 ), then the general effect of
dissolved water will probably be to lower the activity (i.e.
increase the stability) of trace cations in the melt, thus
decreasing DX l-liq relative to the dry system value. As noted
in the previous work section of this thesis, Kushiro (1975)
observed that additions of H20, Na20, and K20 all cause sim-
ilar liquidus shifts in silicate systems. If this coincidence
is taken to mean that the three oxides assume similar struc-
tural roles in silicate melts, then I would argue that water
content increases melt basicity just as additions of alkali
oxides do, and the overall effect on crystal-liqiud partition-
ing will be the same. Indeed, because of its low molecular
weight, the dissolution of even a small weight percentage of
water in a melt will cause notable changes in Si/O, and should
influence partition coefficients accordingly.
The effect of carbon dioxide is difficult to predict be-
cause the solution mechanism for this molecule is not well
understood. In acidic melts, where CO 2 dissolves chiefly in
molecular form (Mysen, et al., 1976), any influence on crystal-
liquid partitioning will be small. In basic melt + crystal
assemblages, where CO2 is probably present in the melt as car-
bonate anions, trace cations that form stable carbonates may
be enriched in the melt relative to CO2-free systems.
Definitive answers to questions concerning the generality
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of the Si/O parameter and the effect of dissolved volatiles
on crystal-liqiud partition coefficients are beyond the scope
of this thesis. Future work on the subject of melt composition
effects on crystal-liquid partitioning should deal with these
questions, because the answers are required for accurate mod-
elling of trace element behavior in magmatic systems.
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Appendix I.
Part A. Major element analyses (wt %) of glasses in two-
liquid partitioning experiments. Typical standard deviations
are: SiO 2 ' 0.4; Al 203 ' 0.1; FeO, 0.4; K 20, 0.1
charges doped with Cs
run no. CsI CsII CsIII
(acidic glass)
SiO2 68.9 69.6 67.8
Al2 3 5.7 5.8 5.6
FeO 19.9 20.2 21.4
K 20 5.9 5.8 5.8
Cs 20 0.13 0.24 0.39
total 100.5 101.6 101.0
(basic glass)
SiO2 49.6 50.1 51.0
Al2O3 3.4 3.5 3.5
FeO 43.9 43.1 42.0
K 20 2.4 2.4 2.5
Cs 20 0.04 0.07 0.12
total 99.3 99.2 99.1
charges doped with Ba
run no. BaI BaII BaIII BaIV BaV
(acidic glass)
Sio2 67.9 67.3 66.9 66.0 65.6
Al2 3 5.8 5.8 5.7 5.5 5.5
FeO 20.2 20.8 20.9 21.3 21.6
K 20 5.5 5.6 5.5 5.3 5.4
BaO 0.07 0.10 0.20 0.41 0.67
total 99.5 98.5 98.899.6 99.2
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Appendix I (continued)
charges doped with Ba (continued)
run no. BaI BaII BaTIII BaIV BaV
(basic glass)
Sio 2  49.8 49.9 50.6 50.5 51.0
Al2O3 3.5 3.5 3.5 3.5 3.7
FeO 43.8 43.1 42.1 41.0 40.3
K 20 2.4 2.5 2.6 2.5 2.7
BaO 0.11 0.16 0.29 0.59 0.91
total 99.6 99.2 99.1 98.1 98.6
charges doped with Sr
run no. SrI SrII SrIII
(acidic glass)
SiO 2  68.0 67.8 67.9
Al 203  5.6 5.5 5.6
FeO 19.9 20.2 21.6
K 20 5.7 5.7 5.6
SrO 0.18 0.54 0.60
total 99.4 99.7 101.3
(basic glass)
SiO 2  50.6 50.8 51.7
Al2 3 3.5 3.6 3.6
FeO 43.5 42.1 41.7
K 20 2.6 2.6 2.7
SrO 0.24 0.78 1.11
total 100.4 99.9 100.8
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Appendix I (continued)
charges doped with Ca
CaI CaII CaIII CaIV CaV CaVI
(acidic glass)
SiO 2  68.0 67.1 66.9 66.7 66.1 65.7
Al203 5.7 5.7 5.6 5.5 5.6 5.5
FeO 20.3 21.9 22.1 22.1 22.8 23.7
K 20 5.7 5.6 5.6 5.5 5.5 5.5
CaO 0.08 0.13 0.21 0.26 0.37 0.52
total 99.8 100.4 100.4 100.1 100.4 100.9
(basic glass)
SiO2 49.2 50.0 50.2 50.6 51.0 51.6
Al2O3 3.6 3.6 3.5 3.7 3.7 3.7
FeO 43.3 43.1 42.6 40.2 39.6 38.9
K 20 2.3 2.4 2.4 2.6 2.7 2.8
CaO 0.25 0.34 0.49 0.60 0.72 0.93
total
charges do
run no.
98.7 99.4 99.2 97.7 97.7 97.9
ped with Mg
MgI MgII MgIII MgIV MgV
(acidic glass)
SiO2 68.4 68.1 67.2 66.6 65.5
Al2O3 5.6 5.6 5.7 5.5 5.5
FeO 20.0 21.4 22.7 23.2 23.3
K 20 5.7 5.8 5.7 5.6 5.5
MgO 0.11 0.22 0.32 0.52 0.55
99.8 101.1 101.6 101.4 100.4
run no.
total
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Appendix I (continued)
charges doped with Mg (continued)
run no. MgI MgII MgIII MgIV MgV
(basic glass)
SiO2 50.1 51.3 51.8 52.0 52.7
Al2O3 3.4 3.4 3.5 3.4 3.6
FeO 43.2 42.3 41.3 40.4 40.2
K 0 2.5 2.6 2.6 2.7 2.72
MgO 0.23 0.49 0.71 1.06 1.18
total
charges do
run no.
99.4 100.1 99.9
ped with La
LaI LaII L
99.6 100.4
aIII
(acidic glass)
SiO2 68.1 68.5 69.3
Al203 5.6 5.5 5.5
FeO 20.1 20.0 19.6
K 20 5.8 5.9 6.0
La203 0.07 0.13 0.21
total 99.7 100.0 100.6
(basic glass)
Sio2 49.8 48.1 47.9
Al2O3 3.4 3.5 3.6
FeO 43.8 44.2 44.0
K 20 2.6 2.4 2.4
La203 0.29 0.49 0.77
total 99.9 98.7 98.7
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Appendix I (continued)
charges doped with Sm
run no. SmI SmII SmIII SmIV
(acidic glass)
SmV
Sio2 68.7 69.1 69.0 69.2 68.9
Al2O3 5.5 5.5 5.4 5.7 5.6
FeO 20.2 20.2 19.7 19.7 20.3
K 20 5.7 5.8 5.6 5.7 5.7
Sm 20 3  0.04 0.11 0.20 0.27 0.32
total 100.1 100.7 99.9 100.6 100.8
(basic glass)
Sio2 50.5 50.4 50.6 50.0 49.3
Al203 3.5 3.4 3.3 3.4 3.4
FeO 43.8 44.1 44.4 44.5 43.5
K 20 2.7 2.6 2.5 2.5 2.6
Sm2O3 0.20 0.50 0.86 1.14 1.33
total 100.7 101.0 101.7 101.5 100.1
charges doped with Lu
run no. LuI LuII LuI LuII
(acidic glass) (basic glass)
Sio
2
Al203
FeO
KG2
K2
Lu2O 0
68.7
5.7
19.7
5.6
0.05
69.2
5.6
19.7
5.6
0.15
49.3
3.4
43.9
2.5
0.37
48.9
3.4
44.3
2.6
0.64
total 99.8 100.3 
99.5 99.8
total 99.8 100.3 99.5 99.8
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Appendix I (continued)
charges doped with Mn
run no. MnI MnII MnIII MnIV
(acidic glass)
SiO2 68.0 67.7 67.8 68.3
Al203 5.4 5.6 5.5 5.4
FeO 20.2 19.9 20.1 19.8
K20 5.9 5.8 5.6 6.0
MnO 0.07 0.17 0.26 0.33
total 99.6 99.2 99.3 99.8
(basic glass)
Sio
2
Al203
FeO
KO2
K20
MnO0
total
50.1
2.4
0.22
99.3
49.4
3.3
43.0
2.6
0.48
49.8
3.5
43.6
2.5
0.74
50.2
3.4
43.0
2.5
0.96
98.8 100.1 100.1
charges doped with Ti
run no. Til
* *
TiII TiIII TiIV TiV TiVI TiVII
(acidic glass)
SiO2 68.8 68.7 69.1 69.0 70.1 71.0 70.7
Al203 5.6 5.6 5.7 5.6 5.8 5.9 5.8
FeO 20.2 20.1 20.0 19.5 19.3 18.9 18.8
K 20 5.7 5.6 5.6 5.7 5.5 5.8 5.7
TiO2 0.10 0.11 0.13 0.18 0.27 0.32 0.39
101.9 101.4
reversal experiments (see text)
total 100.2 100.1 100.4 100.0 101.0
Appendix I (continued)
charges doped with Ti (continued)
run no. TiI TiII TiIII TiIV TiV TiVI TiVII
(acidic glass)
Sio2 50.2 50.0 49.3 49.1 48.2 48.4 48.1
Al 20 3  3.6 3.6 3.5 3.4 3.3 3.4 3.3
FeO 43.8 43.7 44.1 44.1 44.5 44.9 45.2
K20 2.5 2.4 2.4 2.3 2.4 2.3 2.3
TiO2 0.28 0.32 0.43 0.51 0.81 1.03 1.28
total 100.4 100.0 99.7 99.4 99.2 100.0 100.2
charges doped with Cr
run no. CrI CrII CrI CrII
(acidic glass) (basic glass)
SiO 2  68.6 68.9 50.0 49.6
Al203 5.7 5.6 3.4 3.7
FeO 20.3 20.1 43.9 43.8
K 20 5.8 5.7 2.7 2.6
Cr203 0.06 0.11 0.19 0.48
total 100.5 100.4 100.2 100.2
charges doped with Ta
run no. TaI TaII TaIII TaI TaII TaIII
(acidic glass) (basic glass)
Sio2 67.3 68.1 67.9 48.7 48.9 47.6
Al203 5.5 5.5 5.6 3.4 3.5 3.5
FeO 20.2 19.7 19.8 43.7 43.7 44.2
K 20 5.7 5.8 5.7 2.5 2.6 2.4
Ta205 0.09 0.19 0.29 0.39 0.81 1.23
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Appendix I (continued)
charges doped with
run no. ZrI
Zr
ZrII ZrIII ZrIV
(acidic glass)
SiO2 67.6 68.5 68.1 67.9
Al2O3 5.3 5.5 5.6 5.4
FeO 20.1 20.4 20.5 20.0
K 20 6.0 5.7 5.8 5.7
ZrO2 0.13 0.31 0.38 0.58
total 99.1 100.4 100.4 99.6
(basic glass)
Sio2 49.6 49.5 50.1 50.0
Al 203  3.3 3.4 3.3 3.5
FeO 43.0 43.1 43.9 43.1
K 20 2.4 2.4 2.5 2.4
ZrO2 0.33 0.71 0.89 1.32
total 98.6 99.1 100.7 100.3
charges doped with P
run no. PI PII PI PII
(acidic glass) (basic glass)
Sio2 68.7 69.2 49.2 48.9
Al2O3 5.7 5.8 3.6 3.5
FeO 18.9 19.1 44.2 45.5
K 20 5.7 5.8 2.5 2.5
P205 0.04 0.09 0.55 0.73
total 99.0 100.0 100.1 101.1
Appendix I.
Part B. Standards used for major element analyses in two-liquid partitioning
experiments
element weight per cent oxides
standard-w h
standard name ized Sio 2 TiO 2 Al2 03 FeO MgO CaO Na20 K20 BaO
ORTHOCLASE
GLASS
DIOPSIDE65-
JADEITE35
DIOPSIDE
COSSYRITE
K
Al
Si
Fe
64.39
56.88
55.47
40.93 8.71
18.58
8.82
40.99
12.10
18.62
16.83
25.90
1.14
5.36
6.93
14.92 0.82
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Appendix II.
Part A. counting times, peak/background ratios, and counting
errors for trace and minor element analyses in two-liquid
partitioning experiments
Basic Glass Acidic Glass
count time peak/BG error count time peak/BG error
run no. per spot (s) ratio (la,%)per spot (s) ratio (la,%)
CsI
CsII
CsIII
BaI
BaII
BaIII
BaIV
BaV
SrI
SrII
SrIII
CaI
CaII
CaIII
CaIV
CaV
CaVI
MgI
MgII
MgIII
MgIV
MgV
300
200
100
200
200
100
100
50
300
100
100
50
50
50
50
50
50
100
100
100
100
50
1.12
1.20
1.31
1.14
1.18
1.42
1.69
2.07
1.15
1.38
1.56
2.78
3.24
4.27
5.13
6.32
7.07
1.92
3.11
3.98
5.08
5.42
8.2
5.8
5.1
12.3
9.6
6.3
3.9
3.8
8.0
4.7
3.3
3.5
2.6
2.2
1.9
1.7
1.5
7.6
3.9
3.1
2.5
3.3
100
100
100
200
200
100
100
50
500
100
100
100
50
50
50
50
50
200
200
100
100
50
1.36
1.64
2.01
1.10
1.13
1.37
1.55
1.93
1.10
1.25
1.28
1.63
2.03
2.45
2.71
3.33
4.48
1.63
2.26
3.14
4.08
4.32
4.2
3.0
2.1
18.5
14.3
7.8
5.2
4.7
8.3
7.1
6.4
6.0
5.6
4.1
3.5
2.8
2.2
8.2
4.6
4.3
3.3
4.4
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Appendix II, Part A (continued)
Basic Glass Acidic Glass
count time peak/BG error count time peak/BG error
run no. per spot (s) ratio (la,%)per spot (s) ratio (la,%)
LaI
LaII
LaIII
LuI
LuII
SmI
SmI I
SmIII
SmIV
SmV
MnI
MnI I
MnIII
MnIV
CrI
CrII
TiI
TiII
TiIII
TiIV
TiVl
TiVI
TiVII
100
100
50
200
100
200
100
10,000
60
60
cts
200
100
100
100
100
100
100
100
100
50
10,000
50
10,000
cts
cts
1.45
1.76
2.17
1.28
1.51
1.17
1.42
1.72
1.95
2.10
1.53
2.13
2.75
3.28
1.33
1.82
2.01
2.15
2.55
2.82
3.88
4.67
5.57
5.5
3.4
1.6
8.1
7.0
7.8
4.7
3.0
3.0
2.6
7.9
5.8
4.1
3.4
6.2
2.7
2.9
2.6
2.0
2.5
1.5
1.5
1.3
300
200
200
500
400
500
20,000
100
60
60
cts
400
200
100
100
300
100
100
100
100
50
100
50
50
1.12
1.23
1.36
1.07
1.17
1.04
1.12
1.21
1.29
1.34
1.26
1.54
1.84
2.09
1.13
1.25
1.42
1.47
1.64
1.79
2.20
2.41
2.72
12.0
7.9
5.2
26.0
10.8
22.4
9.1
9.9
9.6
8.2
12.1
9.0
8.6
7.0
9.6
8.9
6.7
6.1
4.6
5.4
2.7
3.4
2.9
*
reversal experiments (see text)
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Appendix II, Part A (continued)
Basic Glass Acidic Glass
count time peak/BG error count time peak/BG error
run no. per spot (s) ratio (la,%)jper spot (s) ratio (la,%)
ZrI
ZrII
ZrIII
Z rIV
TaI
TaI I
TaIII
PI
PII
100
100
100
100
100
100
100
100
100
1.44
2.20
2.78
3.40
1.24
1.51
1.76
1.88
2.16
6.7
3.0
2.3
1.8
11.4
5.8
4.0
3.8
3.0
200
100
100
100
300
300
200
300
300
1.22
1.51
1.62
1.95
1.07
1.14
1.22
1.09
1.18
10.0
6.5
5.4
3.8
23.9
12.1
9.7
18.4
10.3
Appendix II, Part B.
Summary of standards used for trace and minor element analyses in two-liquid par-
titioning study
Glass standards
(analyses in weight per cent oxides)
synthesized specifically for this study
Std for:
49.20
19.69
20.78
6.53
2.97%Cs 20
47.23
18.90
19.95
6.27
6.06%BaO
46.89
18.77
19.80
6.22
6.73%P 205
47.78
19.12
20.18
6.34
4.97%Ta
205
47.83
19.14
20.20
6.35
4.87%ZrO
2
45.89
18.37
19.38
6.09
8. 71%SrO
Rare earth standards of Drake and Weill (1972)
Std for:
Sio 2
Al203
Cao
Nd2 03
Sm203
Yb2 03
Lu 20 3
Cs Ba
Sio
2
Al203
FeO
K20
Ta Zr Sr
Sm&Lu La
27.07
30.63
25.26
4.26
4.26
4.26
4.26
27.15
30.72
25.33
4.08
4.28
4.00
4.44
Y23La 2 03
Ce 2 03
Pr 203
171
Appendix II, Part B (continued)
Geophysical Laboratory standards
Std for: Ti Mg & Ca Cr Mn
Std name: COSSYRITE Di65-Jd35 Di96CrCATS4 Mn Ilmenite
Sio
2
TiO 2
Al2O3
FeO
MgO
CaO
Na20
K20
MnO
Cr2 03
40.93
8.71
40.99
6.93
56.88
8.82
12.10
16.83
5.36
54.24
0.82
17.86
25.78
1.26
51.61
45.41
0.25
1.43
